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Introduction              
   
Nuclear fusion is one of the most promising energy sources in modern times. However, it is also true 
that scientists have been working on ways to come up with harnessing the power from the sun on earth 
from more than 60 years ago. So far the most researched method to generate fusion energy is by heating 
a plasma and containing it with a magnetic bottle so that fusion reactions can occur and with these, large 
amounts of energy can be used for power generation. One of the major challenges regarding fusion 
reactor technology is the manufacture of the large superconducting coils used for “bottling up” the 
plasma. These superconducting coils are very expensive and require a long time for their completion. 
Therefore, this work discusses one of the joining methods proposed for manufacturing the 
superconducting magnets based on high-temperature superconducting technology and the idea of 
assembling the magnet coils rather than winding them continuously. 
In this chapter the background of the work presented on this dissertation is laid out, which correspond 
mainly to the necessity of fabricating superconducting magnets with a proposed joint method for 
improving the manufacture of future fusion reactors that work with magnetic confinement. The 
challenges that come together with this task are discussed, and then based on these, the objective of this 
present study is described.  
 
1.1 Nuclear fusion reactor 
 
A fusion reactor is machine capable of creating, controlling and sustaining fusion reactions between 
two small nuclei inside a very hot plasma in order to yield energy which is then converted to electrical 
energy for public consumption. A nuclear fusion reaction occurs when two small nuclei are “fused” into 
a larger one, releasing large amount of energy in the process as it is described by the famous Einstein’s 
equation: 
 
 𝐸 = 𝑚 ∙ 𝑐2 (1.1) 
 
where 𝑚  is the equivalent mass, 𝑐  is the speed of light constant (~3 × 108 m/sec), and 𝐸  is the 
equivalent energy. In other words, a loss or gain of mass is balanced by a gain or loss of energy. Energy 
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is released when elements are transmuted into other elements which have higher binding energy (energy 
that holds together nucleons, i.e. protons and neutrons) [1]. The easiest fusion reaction possible is the 
one where isotopes of hydrogen, namely deuterium (H2 or D) and tritium (H3 or T), are fused to produce 
an alpha particle (helium nuclei) and a single neutron which will carry most of the energy from the 
reaction following the expression: 
 
 D + T → 𝛼 + n + 17.6 MeV. (1.2) 
 
The neutron is then slowed down as it travels through a structure that surrounds the hot plasma inside 
the reactor, where its kinetic energy is transformed into heat and collected by a water coolant. After this 
point, the energy conversion process is the same as in a typical thermal power plant.  
In order to gain more energy than the required to initiate a fusion reaction, a fusion reactor uses 
plasma heated up to extreme temperatures (between 100 and 200 million °C) where there are always 
some high-energy collisions that result in fusion, and the ones that doesn’t, end up contributing to 
keeping the gas heated. The real challenge is to keep the hot plasma confined in a way that energy loss 
is kept to its minimum.  
Currently, there are two ways to achieve plasma confinement; inertial confinement and magnetic 
confinement, out of which the latter one is the most developed. Inertial confinement achieves fusion 
conditions by rapidly compressing and heating a small capsule containing DT fuel covered by an ablator. 
Compression and heating of the target can be achieved by hitting it with huge amounts of laser power 
for several billionths of a second. The laser impinges on the capsule uniformly from all sides. The 
ablator is immediately ionized into a dense plasma, which expands violently away from the center. The 
plasma in turn compresses the DT capsule until the product of the capsule density and diameter is >1 
g/cm2. Fusion occurs, and there is a miniature explosion releasing the helium and neutron products [1]. 
Inertial confinement fusion can be also achieved by means of depositing huge amounts of energy to 
a target in a short time using capacitor discharges instead of lasers. The Z-machine [2] is an example of 
pulsed power inertial confinement fusion, where hundreds of capacitors are connected to a vacuum 
chamber containing a target about the size of a spool of thread containing hundreds of tungsten wires. 
The target is enclosed in a small metal container known as a hohlraum (German word for hollow space) 
which serves to maintain a uniform temperature. As powerful electrical pulses strike the target, the flow 
of energy through the tungsten wires turns them into plasma and creates a strong magnetic field that 
forces the exploded particles inward with a speed of ~4900 km/sec. Then the particles collide with one 
another and the collisions produce intense radiation (2 million J of X-ray energy) that heats the walls of 
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the hohlraum to ~1.8 million °C. The problem with these inertial confinement fusion techniques is that 
they cannot be used as steady power source since its basis is pulsed system.  
On the other hand, magnetic confinement nuclear fusion reactors make use of strong magnetic fields 
produced by large electromagnets in order to confine the hot plasma. These reactors are based on the 
magnetic bottle concept where charged particles conforming the plasma will follow a path along the 
magnetic field lines, allowing for shaping and confinement of the plasma.  
There are two magnetic confinement configurations; the magnetic mirrors and toroidal machines. 
Mirror machines consist of a pair of coils that create a magnetic field which bulges out between them. 
Then, the charged particles moving inside the plasma will follow the magnetic field lines by spinning 
in small Larmor orbits thanks to the Lorentz force which acts perpendicular to both the particle velocity 
and the field line and it is proportional to the magnetic field. The particles are reflected when they reach 
the strong-field regions where one of the coils is located, bouncing back and forth between the mirrors 
at each end. Toroidal machines, on the contrary, confine the plasma using a magnetic field that closes 
onto itself in a doughnut-like shape. Charged particles translating in opposite directions along the 
toroidal field are accelerated by heating the plasma, and collisions between the particles will occur until 
the energy is enough for fusion to occur.  
 
 
1.2 Toroidal fusion reactor magnetic field configuration 
 
In order to confine very hot plasma using magnetic fields, the field lines have to close on themselves 
into a torus shape (doughnut shape) in order to keep the plasma from making contact with a wall. In 
reality, the magnetic field in a torus-type fusion reactor is composed of two magnetic fields; one that 
goes in the toroidal direction and is used to shape the plasma into a ring, and another in the poloidal 
direction that is required to give a “twist” to the toroidal field lines as shown in Fig. 1.1. The reason 
why we need to twist the toroidal field lines is to cancel out the “charged particle drift effect” produced 
due to difference in magnetic field magnitude when going from a point closer to the doughnut hole, to 
another farther from it and the curvature gradient. In other words, a magnetic field composed only by 
the toroidal magnetic field component, is a non-uniform magnetic field. When a charged particle moves 
into a larger magnetic field (closer to the torus hole), the curvature of its orbit becomes tighter, 













where m is the mass of the particle, q is the charge of the particle, 𝒗⊥ is the particle’s velocity in the 
direction perpendicular to the magnetic field line, 𝑩 is the toroidal magnetic field, B is the magnetic 
field magnitude and ∇B its gradient. Due to difference in charge sign, the guiding centers of the ions 
and electrons will drift in opposite directions as shown in Fig. 1.2. The charge bunches will create an 
electric field going from the positive charge bunch to the negative one. The cross-product between this 
vertical electric field 𝑬 and the toroidal magnetic field 𝑣𝑬×𝑩 will create another type of particle drift 







in the direction outside of the torus which eventually blows the whole plasma out toward the outer wall.   
Experimental magnetic confinement fusion reactors generally have toroidal shape, with distinctions 
in the complexity of the magnet system and magnetic field shape. The most advanced candidates in 
magnetic confinement nuclear fusion reactors for producing useful amounts of energy are the tokamaks 
and the stellarators. Both of their concepts have innate advantages and disadvantages with regard to 
technical and physical aspects of a fusion device on the way to burning plasma [3]. But the main 





Fig. 1.1. Illustration of the toroidal magnetic field line (left), poloidal magnetic field lines (center) and a 






The tokamak nuclear fusion reactor, designed by a team of Russian scientists an unveiled at the 1958 
Geneva Conference [1], is the most well-known and currently leading type of magnetic confinement 
fusion reactor today. In fact, the largest, most important magnetic confinement fusion-related project, 
ITER [4], which is currently being fabricated at Cadarache in France and it’s supported by seven parties; 
China, the European Union, India, Japan, Russia, South Korea and the United States. ITER’s primary 
goal is to produce a “burning plasma”. That is, a plasma that will keep itself hot once it has been heated 
to several hundred million degrees. The way ITER creates its toroidal field (TF) is no less different than 
other experimental tokamaks; by using superconductors winded in the poloidal direction to form a D-
shaped coil as seen in the magnetic coil systems of the ITER project in Fig. 1.3. These coils are called 
the TF coils. Eighteen TF coils are placed across the torus-shaped vessel and large amounts of current 
are passed through them to generate the field. The poloidal field (PF) that gives the helical magnetic 
field its shape, is induced by driving a large amount of current through the plasma itself by using a 
central solenoid (CS) that goes through the “doughnut hole”. Alternate current runs through the CS in 
order to generate the AC magnetic field that will induce the driving current on the plasma, according to 
Maxwell-Faraday (Eq. 1.5). This driving current flowing in the toroidal direction generates the poloidal 
magnetic field according to Ampere’s law (Eq. 1.6) that adds to the field generated by the TF coils and 
gives proper shape to the field.  
 





 ∇ × 𝑯 = 𝑱 (1.6) 
  
 
 Fig. 1.2. Charged particle drifts in a torus.  
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In the above equations, 𝑬 is the electromotive force induced in the plasma, B is the magnetic field 
from the CS, H is the poloidal field generated by the driving current density 𝑱. This magnet system 
arrangement is shown in Fig. 1.4. In addition to twisting the toroidal magnetic field, the plasma driving 
current can also raise the plasma temperature by ohmic heating. In addition to the TF coils and the CS, 
another group of ring-shaped coils which encircle the whole machine are used to contribute with the 
poloidal field in order to give the field lines their twist and shape the plasma. These are the PF coils. 
Extra vertical field toroidal coils are required to create a vertical magnetic field that will counter back 
the hot plasma ring’s nature of expanding outward due to plasma pressure and hoop forces created by 
the current induced in the plasma by the CS.  
Although the tokamak design is simple and axisymmetric, the plasma current is generated by the CS, 
which makes the device vulnerable to current-driven instabilities and difficult to operate in a steady 
state [1]. On the other hand, studies on current drive by neutral beam injection (NBI) and 
electromagnetic waves, to the tokamak type nuclear fusion reactor, due to the pressure gradient in the 
plasma and the movement of charged particles in the tokamak magnetic field, Research on steady state 
operation using electric current (spontaneous current · bootstrap current) flowing “naturally” in the 













Before figuring out how to solve the “charged particle drift effect” previously discussed by twisting 
the magnetic field like modern tokamak reactors do, in 1951 the astronomer Lyman Spitzer, Jr. proposed 
twisting the torus into an 8-shaped geometry, which in principle cancels out the vertical drift of the 
charged particles. Spitzer named this new design a stellarator.   
Stellarators are torus-shaped magnetic confinement fusion reactors that originally started the 
research on closed magnetic bottles intended for nuclear fusion studies. Stellarators are very similar in 
principle to the tokamaks, with the notable difference of how each generate the poloidal field that gives 
the twist to the toroidal field. In tokamaks this is achieved by driving a current through the plasma, but 
in the case of stellarators, there is no driving current. Instead, the magnetic field’s helical shape is 
created by relying solely on external superconducting coils which are designed so that they mold to the 
helical-shaped plasma as in the case of the advanced stellarator Wendelstein 7-X [7] from Germany 
(Fig. 1.4), or the “classical stellarator” Large Helical Device (LHD) [8][9], built in Toki, Japan, with its 
trademark helical coil pair, and it’s successor, the Force Free Helical Reactor FFHR-d1 [9] both shown 
in Fig. 1.5. There are other stellarator configurations aside from that of the Wendelstein 7-X and the 
LHD like the Heliac configuration in which the magnetic axis (and plasma) follows a helical path to 
form a toroidal helix rather than a simple ring shape such as in the case of the Tohoku University Heliac 
(TU-Heliac) manufactured in 1988 [10]. The Wendelstein 7-X has a helias, or helical advanced 
stellarator configuration, while the LHD has the heliotron configuration.  
The main disadvantage of stellarators is the rather complicated poloidal coil designs which are very 
difficult to manufacture. On the other hand, stellarators are less subject to instabilities connected with 
the large plasma current. Furthermore, since the central solenoid action to drive the plasma current is 
not necessary, steady-state, continuous operation can be achieved [1].      
 

















Fig. 1.4. (Left) Cutaway of a CAD drawing of W7-X showing (lower left) the plasma ad divertor plates. 
(Right) Schematic view of (yellow) toroidal plasma with part of the poloidal field coils [7]. 
 
 
 Fig. 1.5. (Left) Main body of the large helical device [8]. (Right) 3D design of FFHR-d1, illustrating the 
whole size with human as a measure [9]. 
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The dominant feature of a tokamak or stellarator are the large, heavy coils used to generate the 
magnetic field to confine the plasma. Previous experimental nuclear fusion devises used only copper as 
the conductors to wind the coils of the magnet system. However, the energy consumed by such coils to 
drive the megampere currents (1800 MW) is more than the obtained from the fusion reaction itself 
(500 MW) for the case of ITER [11]. Therefore fusion reactors must feature superconducting magnets 
in order to reduce the energy requirements to produce the magnetic field. Superconductors have zero 
resistivity, and once the current has been started in them, it will keep going almost forever. The only 
drawback is the fact that superconducting magnets have to be cooled down to their temperature 
transition values in order to reach the superconducting state. Even so, the power consumption estimated 
for ITER when using superconducting magnets reduces to 20 MW [11]. Moreover, superconducting 
magnets have two other critical parameters aside from 𝑇C. They are the critical current 𝐼C and the critical 
magnetic field 𝐵C. The three parameters form the threshold at which superconducting magnets must 
work in order to keep the “superconducting state” of the conductors. Otherwise, a phenomena called 
quenching may occur when some thermal disturbance arises and a part of the superconductor goes to 
“normal conducting state” because of over-heating or over-current. Huge voltages would build up as 
the current tries to force its way through a normal conductor with resistance, and there could be an 
explosion [1].  
 
1.2.2 Superconducting cables for nuclear fusion applications 
 
There are two types of superconducting materials; the type I superconductors which corresponds to 
the elements that exhibit superconductivity at ambient pressure like lead (7.196 K), mercury (4.15 K), 
tin (3.75 K), indium (3.41 K) and several others. However, type I superconductors cannot be used for 
fusion reactor technology since even very small current and magnetic field values will break the 
superconducting state [13]. The first superconductors used in nuclear fusion applications were the type 
II “low temperature superconductors” (LTS) niobium-titanium (NbTi) and niobium-tin (Nb3Sn), which 
superconductivity characteristics will be explained later.  
NbTi is a ductile material with very good mechanical properties because the influence of mechanical 
strain on the current carrying capabilities is low. Thus, handling and manufacturing of NbTi is easier 
than Nb3Sn thanks to their insensibility to bending [13]. NbTi (critical magnetic field 𝐵c2 of 13 T at 
4.2 K) is used for intermediate magnetic fields like in the coils of the Wendelstein 7-X (magnetic field 
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of 3 T and cryogenic temperature 4.2 K) [7][14], the helical coils of the LHD (magnetic field of 3 - 
6.6 T and cryogenic temperature 4.4 K) [9], and the PF coils of ITER (magnetic field of 4 - 6 T and 
cryogenic temperature 5 K) [15]. NbTi filaments are manufactured from pure melts of niobium and 
titanium. The melt is cast to rods which are inserted in copper tubes. These are repeatedly heated and 
extruded, stacked into copper tubes and twisted. This is repeated several times and then a final cold 
drawing and swaging forms round wires consisting on μm thick NbTi filaments embedded in a copper 
matrix [16]. The copper is necessary to mitigate quenches.  
On the other hand, Nb3Sn is a low mechanical strength material with low critical stress and strain 
limits. Therefore, the “wind & react” manufacturing process is usually adopted to fabricate Nb3Sn coils. 
In this process, the conductors containing Nb and Sn are wound to the shape of the coils and then a heat 
treatment is applied in order to form Nb3Sn by means of internal tin process, powder-in-tube process or 
bronze route [13]. However, even after the Nb3Sn coil fabrication is completed, control of the stress and 
strain is required due to Nb3Sn brittleness. Nb3Sn (critical magnetic field 𝐵c2 of 27 T at 4.2 K) is used 
in applications with higher magnetic fields on the conductor such as the TF coils (magnetic field 6 T at 
4.2 K) and the CS (peak magnetic field 13.1 T at 4.2 K) of ITER [4]. 
For fusion reactors such as ITER, the PF coils of LHD and Wendelstein 7-X, the superconducting 
wires and a certain number of copper wires are cabled together in a twisted and transposed structure, 
then inserted inside a conduit which serves both as structural material an cooling fluid containment 
structure to form a force-flow cooled cable-in-conduit conductors (CICC) [17]. Fig. 1.6 shows a sketch 
of the CICC used in the toroidal field coils of ITER.  
So far, only LTS are used for the manufacturing of the superconducting magnets of fusion reactors. 
On the other hand, there are those type II superconductors which critical temperature 𝑇C is above the 
upper limit of 20 K for LTS. These are called “high temperature superconductors” (HTS) from which 
the ones with potential applicability to fusion reactors are the cuprate-perovskite ceramic materials such 
as Bismuth-strontium-calcium-copper-oxide (BSCCO) and the Rare-earth-barium-copper-oxide 
(REBCO). HTS such as REBCO coated conductors have a higher critical current density at high fields 
(15 T and above) and much better mechanical properties, making them a promising alternative to Nb3Sn. 
Due to REBCO’s critical temperature in the 90 K range, operation with higher temperature margins or 
at higher cable temperatures are possible. 
For FFHR-d1, which is currently being designed, three options for superconducting conductors have 
been proposed [18]. The first method is to adopt the same CICC conductor as ITER and cool low 
temperature superconducting wire by forced convection. This plan has the advantage that it can use the 
technology nurtured by ITER. Secondly, the low temperature superconducting wire is placed in a 
metallic jacket and indirectly cooled by an external cooling flow path as shown in Fig. 1.7 (a). This 
proposal is simpler than the first one and has the advantage that a solid conductor can be manufactured 
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because the cooling channel and the conductor cannot be independently designed. Lastly, as shown in 
Fig. 1.7 (b), the third proposal is using an HTS cable by placing tape-shaped REBCO coated conductor 
(commonly known as REBCO tapes) in a metallic jacket, or Stack Tapes Assembled in Rigid Structure 
Conductor (STARS Conductor [19]) and indirectly cooling it.  
By using the third option, the HTS indirect cooling conductor which features REBCO tapes, it is 
possible to set the operating temperature to relatively high temperature such as 20 K. Moreover, 
according to Debye model, the specific heat of the metal is proportional to the cube of the temperature. 
Therefore, by raising the operating temperature of the conductor, the specific heat of the metal 
constituting the conductor rises, making difficult for the conductor to quench against thermal 
disturbance caused by movement of the conductor or the like. Furthermore, the cooling power can also 
be reduced while increasing the magnetic field since HTS operated at lower temperatures than 77 K 
(liquid nitrogen boiling point), have much higher critical current density than the LTS conductors. 
Finally, since the coils basically work at DC operation, the AC losses of the superconducting conductor 
are not a serious problem. For these reasons, it is possible to make a structure in which HTS tapes are 
simply stacked together. By doing this, it is possible to secure the mechanical strength and reduce the 
manufacturing costs. Using HTS conductors allow for the segmented magnet fabrication concept 










1.3 Segmented HTS magnet  
 
As it was stated in the previous section, fabrication of the large magnets using REBCO conductors 
have remarkable advantages over superconducting magnets using regular LTS CICC. In addition to the 
outstanding properties of REBCO conductors at high magnetic field, their strong, flexible, thin, flat tape 
format can allow for some interesting joining methods. This attracted the attention of research groups 
such as the one working on the FFHR-d1 heliotron-type fusion reactor because fabrication of the pair 
of helical coils for the LHD opposed remarkable engineering difficulties during the winding mainly 
because of the large, complex shape of the helical coils themselves, which led to a fabrication period of 
a year and a half [9][18]. Moreover, because the FFHR-d1 will feature a pair of helical coils with a 
major radius four times that of the LHD [22], the continuous winding of the FFHR-d1 twin helical coils 
is expected to take more than four years to be completed. Therefore, a new fabrication method is of 
upmost importance in order to reduce fabrication adversities while reducing the time it takes to do so.  
Thus, the fabrication of the helical coils is currently planned to be done by means of assembling 
segments of the helical coil containing the REBCO conductors and connect them using a clever joining 
method to achieve full fabrication [23][24]. Fig. 1.8 (a) shows a sketch of this idea. Furthermore, 
segmented fabrication of the HTS magnet could also allow for demountability or “remountability”. That 
is, the magnet can be assembled and disassembled whenever is required. Projects like the Vulcan 
[25][26] and the ARC [27] project shown in Fig. 1.9 leaded by MIT’s Fusion Nuclear Science Facility 
(FNSF) have been working with the remountable magnet design concept for small scale tokamaks due 
to its advantage in allowing access to the vacuum vessel to test many designs and divertor materials as 
well as performing Plasma-Material interaction (PMI) studies with a single machine. 
 








Remountable HTS magnets could reduce maintenance and repair costs by making access to inner 
components easier, and letting failed magnet part replacement be done by modules, instead of having 
to dismount the whole helical coil. Another important feature of a remountable HTS magnet is that even 
at relatively short lengths of REBCO can be used to build the helical coils, effectively increasing 
conductor production yield, and lowering conductor cost.  
 
Fig. 1.8. Remountable segmented fabrication option proposed for the FFHR-d1. [24] 
 
Fig. 1.9. ARC with demounted toroidal field coils allows for modular replacement of internal components 
and an immersion liquid blanket [27]. 
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Nevertheless, there is one issue regarding remountability of the coil segments containing the REBCO 
STARS conductors,  which is that it is extremely difficult joint the several hundred REBCO tapes at 
the same time for just one joint, and even if it’s done, the chances of damaging the conductors in the 
process is high. Therefore, another approach to segmented fabrication of the helical coils is proposed, 
which consist in placing one half-pitch or single-pitch length STARS conductor in the helical-shaped 
structural support and joining it with the next conductor segment. This process is repeated until the 
winding of the coil is completed. Thus, the term “joint-winding” was coined to this segmented 
fabrication approach [21][28][29] shown in Fig. 1.10. 
 The key matter that will determine feasibility of segmented fabrication of the helical coils for the 
FFHR-d1, regardless of the segmented fabrication approach, is the joining method intended for bonding 












Fig. 1.10. Joint-winding segmented fabrication option proposed for the FFHR-d1 showing half-pitch 
assembly of the STARS conductors (left), or the single-pitch assembly option. [28][29] 
Half-pitch assembly Single-pitch assembly
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1.4 Bridge-type mechanical lap joint between REBCO tapes 
 
In order to secure feasibility of both the remountable magnet option and the joint-winding option for 
the segmented fabrication of the FFHR-d1, the joints must be robust and reproducible and their 
resistances must be low enough under all operating conditions to avoid large cryogenic costs or 
quenching the superconductor. There are two options available for joining REBCO tapes. The first one 
would be that of welding or soldering the tapes to create a low electrical resistance, firm joint. The other 
jointing method available for REBCO tapes is the mechanical joint method which consist on applying 
contact pressure from the outside to the joint section with bolts or the like to complete the fabrication 
without the use of soldering.  
Our laboratory has been conducting research on mechanical joining for several joining 
configurations. One of these configurations is based on the lap joint concept (Fig. 1.14 (a)) and it’s 
called the bridge-type mechanical lap joint [30][31][32][33] and [34] as shown in Fig. 1.14 (b). The 
bridge-type lap joint method consist in assembling the two STARS conductor segments using a “bridge-
connector” with the same structure of the STARS conductor. The ends of the STARS conductors will 
have the REBCO tapes exposed and arranged in a staircase-like order while one half of the bridge-
connector will have the same geometry but flipped vertically to match one of the STARS conductor 
segment. The other half of the bridge-connector is mirrored to match the other STARS conductor to be 
joined. This way, the REBCO stacked inside the STARS conductor are overlapped in a staircase-like 
structure while inserting an indium foil of 100 μm thickness which is very soft at room temperature.  
Finally, an external contact pressure is applied to the joint section. Under compressive stress, indium 
will instantly deform plastically, filling the microscopic gaps formed at the contact surfaces after 
brushing with the abrasive paper. This will in return increase the real area of contact which is the sum 
of all the areas where the surface asperities of indium and the stabilizer material make contact. The 
contact resistance and the adhesive friction of the joint are proportional to this real area of contact.  
This joint configuration maximizes the contact area to achieve low resistance and it’s less susceptible 
to mechanical damage compared to the joint configurations previously described. However, the 
disadvantage with this configuration is that for larger HTS conductors, the joint length must be also 
increased. Our laboratory, with collaboration from the National Institute for Fusion Science (NIFS), has 
already fabricated three large HTS coil prototypes using REBCO tapes stacked together and featuring 
the bridge-type mechanical lap joint configuration. A maximum current of 118 kA at 4.2 K and 0.45 T 
was achieved and the joint resistance from the bridge-type mechanical lap joint at that time was of 
1.8 nΩ [33]. Fig. 1.15 shows the sketch of the large HTS coil prototype. From the point of view of 
fabrication time, the 100 kA prototype took three days for its completion (about 6 hours of work per 
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day) [34] because pressure was individually applied to each step (three lap joints per step) and then an 
overall pressure was applied after joining each step for fabrication completion. 
Furthermore, the fabrication time can be reduced by pre-fabricating an integrated joint piece [34] 
where the REBCO tapes are bonded together with each other and the copper jacket by inserting a 50 μm 
indium between the tapes and pressing them while heating up to 170 °C to melt the indium. With 
practice and proper planning, the fabrication time could be reduced to 1 day per STARS joint and half-
day if an industrial robot is implemented. The latter would reduce the overall fabrication time to less 











1.5 Challenges concerning bridge-type mechanical lap joints 
 
Superconducting magnets used in large-scale devices such as the FFHR-d1 helical fusion reactor are 
expected to experience a range of mechanical stresses that could compromise the integrity of the magnet 
system and subsequently the whole reactor. Furthermore, any particular type of joint between the 
STARS conductors will represent a kind of discontinuity and thus a more careful approach to analyzing 
the mechanical integrity of the joints is necessary since these could be the place of origin of any potential 
fault during operation of the reactor.  
Therefore, in order to address the mechanical integrity of the joints, we must first need to describe 
the scenarios in which stress or strain would likely affect mechanically the joints. The live cycle of a 
superconducting magnet designed for experiments starts from the manufacturing stage of all the 
components (superconducting cables, structural support, among others), continues to the coil winding 
stage where the bridge-type lap joints of STARS conductors are introduced. Then the coils enter the 
cooling stage in order for the STARS conductors to become superconductive state and start the 
operating stage where the coils are energized. Putting aside the maintenance and repair stages, the coils 
reach the decommissioning stage after the reactor completes its useful life. In this study all the efforts 
are mainly focused in the coil winding stage where the bridge-type lap joints are fabricated, the cooling 
stage where coils and joints will shrink due to thermal contraction, and the operating stage where 
electromagnetic forces will act upon the coils.  
 
Fig.1.15. 100-kA HTS coil prototype featuring bridge-type mechanical lap joint [33]. 
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During the operating stage forces acting on the TF coils for the case of tokamaks, and helical coils 
for the case of helical stellarators, could induce shearing stresses across the cross-section plane of a 
single HTS conductor according to Lorentz equation for electromagnetic (EM) force per unit volume 𝑭 
of current-carrying conductor, exerted by a magnetic field: 
 
 𝑭 = 𝑱 × 𝑩 (1.7) 
 
where 𝑱  is the current density and 𝑩  the magnetic field. And because we are dealing with a 
superconducting magnet, the field and current density are both high, therefore the EM force can be very 
large. Such forces can cause severe problems in the design and construction of superconducting magnets. 
They can damage the superconductors and insulation, even break the structure. But the most serious 
problem is the degradation of magnet performance which may be caused by the sudden release of 
mechanical energy.  
For the case of helical-shaped stellarators, compared with the LHD, the FFHR-d1 has relatively 
small electromagnetic force on the helical coils. In a helical-type fusion reactor such as the FFHR-d1, 
the magnetic field in the coils is separated into the self-field and the external field. The self-field is 
defined as the field in the coil induced by the coil current itself, and it does not produce motional force. 
The external field is induced by the loop current of both helical coils and the vertical magnetic field 
coils [35]. Moreover, the EM force may be divided into two directions, corresponding to the hoop (in 
the direction of the helical coil winding) and overturning (perpendicular to the coil winding direction 
and the minor radius direction) directions [36]. 
In order to evaluate different design options that will satisfy the requirements of having sufficient 
pathways for the divertor exhaust, as well as enough apertures available for maintenance of in-vessel 
components, NIFS has conducted research under a multi-path strategy three options are investigated in 
parallel, i.e., FFHR-d1A, d1B and d1C [37]. FFHR-d1A is a key three-dimensional design strategy that 
has modified the aspect ratio by changing the helical pitch parameter from 1.25 to 1.20 to improve high 
energy confinement [37]. The main difference between FFHR-d1 and d1A structural components is that 
the minor radius of the helical coil is changed from 3.9 to 3.744 m. The major radius (15.6 m) and 
geometrical position of the vertical field coils (VFCs) is the same [38]. However, any modification to 
the fundamental design of FFHR-d1 must take into account the requirement of enough rigidness of the 
coil support structure in order for the HTS helical coil winding to remain within soundness and 
deformation limits. In order to do so, a previous study [36][38] performed a stress analysis on the FFHR-
d1A three dimensional design to evaluate the electro-magnetic (EM) force and stress distribution on the 
magnet system of half-pitch of the helical coil. The first step was to determine the magnetic field 
distribution in the coil by defining the coil cross-sectional shape and the layout of the HTS conductors.  
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Fig. 1.16 shows the cross-section of the HC assumed for the calculation of magnetic field distribution. 
The coil winding area consists of 390 turns of superconductor and insulating material. The capacity of 
the superconductor is 94 kA of current flow, that is, the overall current density is 24.45 A/mm2.  
The bottom of the coil is step-like to prevent interference with the vacuum vessel. Two sets of VFCs 
are assumed to have rectangular cross-sections [38]. The calculated maximum overall EM hoop force 
and the overturning force among each cross-section of the helical coil were 64 and ±8 MN/m, 
respectively. Then, using these EM force values, a stress and deformation analysis was performed on 
the whole structure using a finite element model (FEM) of the FFHR-d1 but with the modifications of 
the FFHR-d1A. A three dimensional model of the half-pitch is shown in Fig. 1.17 [36]. The EM force 
obtained was applied to the nodes of the coil elements and then, the stress and stain distributions in the 
whole region of the helical coils, vertical field coils and the support structure are calculated with 





Fig.1.16. Cross-section of the helical coil perpendicular to the HTS coil winding direction assumed in the 





In another previous study [39], the detailed stress and strain distributions were calculated using the 
local strain obtained in the whole regional analysis [38] for half-pitch of the HTS helical coil winding 
containing the 390 HTS conductors. A distribution of the normal strain and in-plane shear strain on the 
coil were obtained. Then, using these strain distributions and the current design of the HTS indirect 
cooling conductor previously shown in Fig. 1.6 (b), a local stress analysis was performed in the region 
of the helical coil winding where the maximum shear stress occurs. The results from this local analysis 
are shown in Fig. 1.18 and 1.19. A maximum strain in the direction of the coil winding was obtained to 
be 0.145%. In terms of the tensile properties of REBCO tapes, this is acceptable. Distribution of xy-
components of shear stress in the stacked REBCO tape region is also shown in Fig. 1.19 (right). The 
maximum in-plane shear stress was found to be 32 MPa [39] corresponding to a maximum shear strain 





Fig.1.17. Fundamental design of the coil support structure (FFHR-d1). [36]. 
 
 





The in-plane shear stress across the REBCO tape stack width as shown in shown in Fig. 1.19 
represent a big issue for the case of the bridge-type lap joints because it means shearing will directly 
act over the overlapping areas of each single lap joint contained inside the stack as illustrated in Fig. 
1.20.  
So far the operating stage of the STARS conductors [28][38][39] have been discussed. However, 
there has been little to no discussion about the stresses and strains induced during the coil winding stage. 
After all, for the case of stellarators such as the FFHR-d1 and the tokamak, there is a curvature that the 
HTS conductor have to follow, especially the helical coils of the stellarators. Thus, it is necessary to 
consider different procedures for the fabrication of joints such as the bridge-type lap joint taking into 
account which of the procedures produces mechanical stresses and strains that won’t compromise the 




Fig.1.19. Distribution of in-plane shear strain in helical coils (left Fig.) and distribution of xy component of 
shear strain in REBCO tape region (right Fig.) [39].  
 
 
Fig.1.20. Illustration of the three rows of REBCO tape stacks including single lap joints inside (thickness of 
tapes and indium are non-scaled) 
22 
 
Likewise, the stage prior to operation, i.e. the cooling stage is another aspect that has not been 
investigated yet for the case of the current STARS conductor design. In order to reach the critical current 
density necessary for generating the helical magnetic field, the superconducting coils must be cooled 
down to 20 K by pumping helium gas through the corner slits created when the STARS conductors are 
stacked inside the helical structural support. The cooling of the coils will create internal thermal stress 
due to thermal expansion (contraction) of the materials inside each STARS conductor. Fig. 1.21 shows 
the thermal expansion for most materials used in the STARS conductor [40]. A quick observation of 
this data reveals that for copper and stainless steel the thermal strain values are close, while Hastelloy® 
(HTS conductor’s substrate) shrinks less. Because most the STARS cable is made of copper and 
stainless steel, the thermal stress should not affect the mechanical integrity of the HTS tapes as well as 
their lap joints. However, because the current design of the gas-cooled STARS conductor features 
nonmetal and polymer materials corresponding to the insulator. These materials have higher secant 
coefficients of thermal expansion compared to those of the metals and alloys used in the design. 
Therefore, a more detailed study on the thermal stress effects on the STARS conductor is necessary. 
Lastly but not less important, bridge-type lap joints must be able to withstand the stress scenarios 
described so far in order to be considered a feasible option for the segmented fabrication of HTS 
magnets. The direct way to do this is by performing an empirical evaluation on the mechanical strength 
of the bridge-type lap joint, as well as analyzing the electromechanical response and the failure 
mechanisms in the case a fault occurs. However, in order to create a 100% accurate mock-up of the 
bridge-type lap joint of STARS conductors, specialized equipment is required, which are often quite 
expensive and difficult to access. Therefore, it is necessary to come up with a simple but clever way to 
recreate the same stress conditions predicted in the numerical analyses on a smaller and accessible way 
while using a proper sample that conserves the same electromechanical properties of a real scale lap 
joint inside a bridge-type lap joint. Additionally, it is equally as important to test the mechanical strength 
of the REBCO tapes themselves against stress such as the in-plane shear estimated from the previous 
electromechanical multi-scale analysis [39]. Finally, because the FFHR-d1 helical fusion reactor is a 
machine devised for experiments, cyclic loading is expected from repeating the cooling stage and 

























1.6 Objective of this study 
 
The segmented fabrication of the superconducting magnets of a fusion reactor featuring high-
temperature superconducting coated conductors, which have excellent thermal stability and 
electromagnetic properties, has been proposed for shortening the construction period. However, when 
operating the magnet, the joints of the HTS tape can be subjected to various stresses and become 
potential damage points.  
Therefore, the objective of this investigation is to analyze the electromechanical stability throughout 
each stage of the lifecycle of high-temperature superconducting coated conductor bridge-type lap joints 
proposed for the joint-winding fabrication of the segmented superconducting magnet coils of a fusion 
reactor. For this study in particular the case of the FFHR-d1 design is used as a base for analyzing the 
feasibility of the joints. 
In order to achieve the goals of this investigation, the work was divided in the following steps:  
 
Chapter 3: Numerical Stress Analysis of Bridge-Type Lap Joints of STARS Conductors during 
Fabrication, Cooling and Operational stages: 
 In this chapter, a finite-element analysis is performed using a commercial finite element analysis 
(FEA) software to estimate the resulting stresses inside a single STARS conductor at its fabricating, 
cooling and operating stages respectively. In the fabrication stage section, three different fabrication 
procedures for assembling the bridge-type lap joint are discussed. Then, a stress analysis of the 
procedure that introduces potentially high stresses during fabrication is performed to discuss the 
influence of the resulting stresses over a virtual bridge-type lap joint. Next, the thermal expansion 
(contraction) analysis of a single STARS conductor is performed using the same finite-element model 
from the previous section in order to discuss the effects of thermal stress after cooling of the conductor. 
Furthermore, an updated structural analysis of the electromagnetic stresses over the STARS conductor 
is presented with results showing the stress distribution for the shearing components across the width 
and overlap length of single lap joints.  
 
Chapter 4: Shear strength of REBCO tapes along the width direction: 
This chapter is concerned with the evaluation of the shear strength of the REBCO tapes using two 
types of commercially available high-temperature superconducting tapes. The shear strength of the 
tapes, i.e. the maximum shearing that can be applied before delamination of the tape occurs, is evaluated 
using an experimental set-up design for this purpose. Then a statistical approach is used in order to 
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evaluate the reliability of the REBCO tapes. Additionally, a finite element model is used for further 
discussion of the results obtained from both the experiment and the statistical analysis. 
 
Chapter 5: Shear strength of REBCO tapes along the width direction: 
The shear strength of lap joint samples fabricated using different methods is evaluated using the 
single lap joint tensile test method. Moreover, using the results from the tensile test a discussion is done 
on the failure mechanism of each sample type and the change in joint resistance when failure occurs. In 
addition, a non-destructive test is used to observe the joint deformation state after increasing shear loads 
are applied. Furthermore, a cyclic load test is performed to evaluate change in joint resistance due to 
fatigue loading.  
Moreover, the correlation between joint strength, joint resistance and joint pressure is discussed by 
comparing experimental results obtained from the tensile test of lap joint samples having different 
values of applied joint pressure. Finally, a modified Iosipescu shear test is introduced as an alternative 
shear test to evaluate the strength of the lap joints under pure shear stress condition.  
 
Chapter 6: Proposal of improved design of the STARS conductor 
Focusing on the mechanical response of the STARS conductors to thermal contraction and 
electromagnetic forces, an alternative design of the STARS conductor is proposed for reducing the local 

















In this chapter all the concepts related with the numerical analyses and experiments performed in 
this work are defined, starting from the concept of superconductivity followed by a description of the 
practical superconducting coated conductors used in this work, and moving towards the description of 
the fundamental mathematics behind the evaluation of shear stress using single lap joints.  
 
2.1 Superconductivity  
2.1.1 History of superconductivity 
 
Superconductivity was discovered by Heike Kamerlingh Onnes in 1911 by measuring the specific 
resistivity of mercury cooled with liquid helium. When the mercury sample was slowly cooled below 
the boiling point of liquid helium (4.2 K), the resistance of mercury disappeared suddenly. At first 
Onnes thought of it as an artefact of his experimental apparatus. Then, he realized the resistance 
vanishing effect of mercury always occurred below a certain critical temperature. Below this 
temperature the material behaved as a “superior conductor” and he called this effect superconductivity 
[41]. Later, it was discovered that the zero resistance state reached at low temperature could be 
destroyed if the material was subjected to a sufficiently large magnetic field, or if there is a current 
exceeding a critical value passing through the material. These would later be described as the critical 
magnetic field 𝐵C  and critical current density 𝐼C . These critical values are not constant, but rather 
dependent on each other and also depend on the superconducting material. By plotting 𝑇C, 𝐵C and 𝐼C on 
the axis of a coordinate system, they form a surface shown in Fig. 2.1 (left). For any combination of 
temperature, magnetic field or current density value at or below this surface, the material will be in a 
superconducting state. Therefore, operating points have to be chosen at a certain distance below the 
surface to allow for variations of the operating temperature 𝑇OP, the operating current density 𝐽OP or the 
operating magnetic field 𝐵OP without leaving the superconducting state [13]. An arbitrary operational 





2.1.2 Perfect conductivity and perfect diamagnetism 
 
There are two notable properties that superconductors exhibit when in their superconducting state. 
The first one is related with the fact that superconductors have resistivity values almost equal to zero. 
If we assume a ring made of a material that exhibits superconductivity, when reaching a certain 
temperature value, has a constant magnetic field flowing perpendicular to the plane of the ring. Then, 
after cooling down the ring below its critical temperature value, the applied magnetic field is changed. 
Then by Faraday’s law:  
 





An electromotive force will be induced inside the ring in the direction such that the magnetic field 
it generates compensates exactly for the change in the external magnetic field passing through the ring 
according to Lenz’s law. Because the ring has no resistance, the induced current can flow indefinitely, 
and the original amount of magnetic flux through the ring can be maintained indefinitely. And this is 
even true if we remove the applied magnetic field.  
The other feature of a superconducting material is the total expulsion of the magnetic field, or perfect 
diamagnetism which is a feature of perfect conductors. However, a superconductor, although having 
 
Fig. 2.1. Critical values of superconductors (left): Temperatures T are displayed on the x-axis, magnetic 
background fields on B on the on the y-axis and current densities j on the z-axis. Operating points with 




zero resistance just like a perfect conductor, it’s not the same as the latter. If we try to magnetize a zero 
electrical resistance material such a superconductor, current loops would be generated to exactly cancel 
the imposed field (Lenz’s law). But if the material already had a steady magnetic field through it when 
it was cooled through the superconducting transition, the magnetic field would be expected to remain. 
However, this is not the case for superconductors as Meissner and Ochsenfeld discovered in 1933 [41]; 
superconductors actively exclude the magnetic field regardless of whether the material becomes 
superconducting before or after the external magnetic field is applied. This is called the Meissner effect.  
Equations representing perfect conductivity and perfect diamagnetism have been proposed by the 
London Brothers in 1935, which don’t explain superconductivity, but rather represent a restriction on 
Maxwell’s equations so that the behavior of superconductors deduced from the equations was consistent 
with experimental observations. Eq. (2.2) accounts for the persistent current, and Eq. (2.3) for the 

















where 𝑒  is the charge of an electron & proton, 𝑚  is the electron mass, 𝑛𝒔  is a phenomenological 
constant loosely associated with a number density of superconducting carriers, and 𝐽𝐬  is the 
superconducting current density. The London brothers thought that a superconducting current flows 
inside the superconductor in addition to the normal current, and that current cancels the external 






2.1.3 Type I and Type II superconductors 
 
It was found experimentally that some superconductors in magnetic fields do not allow penetration 
of magnetic flux with increase in external magnetic field before they lose superconductivity. On the 
other hand, other superconductors permit partial penetration of the external magnetic field into their 
quantized partial regions called vortices, were the superconducting state is vanished, resulting in local 
interlacement with the normal state and the superconducting state simultaneously. Therefore, we can 
classify the types of superconductors according to their magnetization characteristics [45].  
Type I superconductors have only one critical magnetic field 𝐵𝐶 . If the temperature is below the 
critical temperature 𝑇C, and the external magnetic field 𝐵 is below BC, the superconductor is in the 
Meissner state, in other words, perfect diamagnetism is exhibited. This can be observed in Fig. 2.2 (left) 
when we plot the magnetic field inside the superconductor 𝐵in as a function of the external magnetic 
field 𝐵ext. On the other hand, Type II superconductors have two critical magnetic fields, which are 
separately defined as lower (𝐵C1) and upper (𝐵C2) critical magnetic field, which are dependent on the 
temperature. If the superconductor is subjected to an external field 𝐵 < 𝐵C1, the conductor is in its 
Meissner state (S1). If the external magnetic field is on the range 𝐵C1 < 𝐵 < 𝐵C2, there is coexistence 
between the superconducting and the normal state, which is called the mixed state (S2), and the magnetic 





Fig.2.2. Magnetic field of Type I superconductors at normal state and superconducting state (left). Magnetic 
field of Type II superconductors at normal state, mixed state (S2) and superconducting state (S2), 
respectively (right). [44] 
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2.1.4 n-Value model  
 
Because electrical resistivity vanishes in the superconducting state, there is no electric field 
generated along the superconductor. At the transition from superconducting state to normal state, a 
small electrical field 𝐸 appears gradually at the transition. It was empirically observed that the 𝐸 − 𝐽 
characteristic curve for superconductors can be described near the transition to normal conduction with 
the “Power Law” of superconductors: 
 







where 𝐸𝐂   is the electric field value corresponding to the critical current density, and it’s set to 
1 μVcm−1 for first and second generation high temperature superconductors. The steepness of the 
transition from superconducting state to normal conduction at the critical electric field is describe by 
the power factor 𝑛, or the “𝑛-value” of a superconductor. For practical superconductors, the larger the 
𝑛-value is, the better the superconducting properties. This is because the generated voltage can be 
rapidly lowered by making the current slightly smaller near the critical current. It is difficult to derive 
the n value directly as a physical quantity, and it is handled as a parameter for convenience in practice 
only. In general, the non-uniformity of the critical current density becomes relatively large as the 
temperature becomes high and the magnetic field becomes high, so the n value decreases. 
 
2.2. REBCO coated conductors 
 
The first cuprate superconductor with composition La-Ba-Cu-O, with critical temperatures of the 
order of 30 K was discovered by George Bednorz and Alex Muller in 1986 [46]. All groups of high-
temperature copper oxide superconductors share many similarities. First, the crystalline structure is of 
the perovskite type.  Perovskites are a type of oxide, found in certain minerals. They have the general 
chemical formula ABO3, where O is oxygen and A and B are metal atoms. Their structure arrangement 
consist of a simple cubic unit cell with a large cation A on the corner, a smaller cation B in the body 
center, and oxygen O in the centers of the faces as shown in Fig. 2.3. In ceramic cuprates such as the 
Y1B2C3O7-δ (an R123 compound) the basic blocs are three stacked perovskites shown in Fig. 2.4. The 
most important parts related to the electronic properties are the Copper-Oxygen chains and planes. The 
planes are directly related to transport properties. The rare earth that takes part in the formation of the 
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crystalline structure of the R123 compound is used to form the structural frame required to conform the 
main body of the compound.  
Cuprate superconductors share universal characteristics when the compounds are in one of the three 
different regimes depending of the oxygen content. The three regimes are; the under-doped, optimum 
doped, and the over-doped regimes [47].  
 Rare-earth-barium-copper-oxide (REBCO) high temperature superconductors are crystalline 
chemical compounds with formulas of Re1Ba2Cu3O7-X. REBCO series superconducting wires have high 
critical current density with higher critical magnetic field as compared with BSCCO superconducting 
wires which are the first generation of high temperature superconducting wires, which are not suitable 
conductors for fusion magnets due to their weak mechanical properties and high silver contents. 
REBCO has higher critical current density at high fields (15 T and above) and much better mechanical 
properties. The macroscopic superconducting properties depend on the saturation with oxygen and the 
alignment of the crystal grain boundaries. The critical temperature depends on the oxygen concentration. 
A maximal critical temperature (𝑇C > 90 K) is achieved with oxygen concentrations in the range of 0 <





 Fig. 2.3. Perovskite structure ABO3 [49]. 
 
Fig. 2.4. Perovskite building blocks that conform the R123 compound [47]. 
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REBCO coated conductors have a flat tape geometry. Their thickness can vary from 50 μm to 
200 μm and above. Some commercially available tapes can have width up to 40 mm and lengths of 
1.4 km [50]. REBCO tape structure consist of a steel substrate (stainless steel, nickel alloys or 
Hastelloy® ) of 50 μm to 120 μm which is coated with several metal-oxide buffer layers. The buffer 
layers compensate for lattice mismatches to allow homogenous growing of REBCO layer and they also 
act as a barrier to prevent diffusion between the REBCO and the substrate. The current carrying 
performance, critical current densities and critical magnetic field of the REBCO layer depends on a 
good alignment of the grains. This is achieved through either a bi-axial texture textured substrate, using 
rolling assisted bi-axial textured substrate (RABiTs) for the manufacture of the substrate, followed by 
the buffer layer deposition either by physical vapor deposition (PVD), alternating beam assisted 
deposition  (ABAD) processes, or by a biaxial texture in the buffer layers, with ion beam assisted 
deposition (IBAD). Next, a thin REBCO film of thickness of 1 μm up to 3 μm is coated over the 
uppermost buffer layer by metal organic chemical vapor deposition (MOCVD) such as the 2G-HTS 
wires manufacture by SuperPower ltd. ltd., or by pulsed laser deposition (PLD) such as the FYSC-SC05 
series by Fujikura ltd., where a high power pulsed laser beam is focused inside a vacuum chamber to 
strike the oriented substrate where the REBCO is to be epitaxially grown. This is where the term “coated 
conductor” comes from. The current density in the REBCO layer is very high (1 kA/cm2 and above). 
Finally, a thin film of silver of a few μm covers the superconducting layer to improve current and heat 
distributions, stabilizing the superconductor electrically and thermally. In order to further improve 
stabilization of the coated conductors, a copper layer of variable thickness (from 20 μm to 100 μm) is 
soldered with tin or electro-plated to the silver cap [51].  
There are two rare earths that are widely used for commercial applications are yttrium, which is used 
by American Superconductors (AMSC) and SuperPower ltd., and gadolinium which was used by 
Fujikura ltd., Furukawa Electric and Sumitomo Electric. Fig. 2.5 shows the structure for the Fujikura 
FYSC-SC05 series GdBCO coated conductor (left) and the SuperPower ltd. SCS4050-AP series YBCO 
coated conductor (right). Fujikura FYSC-SC05 GdBCO tapes are fabricated using the PLD method and 
the copper stabilizer is soldered to the silver cap using tin. On the other hand, SuperPower ltd. SCS4050-
AP series YBCO tapes are fabricated using the chemical vapor deposition technique and the copper 
stabilizer is electroplated all around the tape. However, nowadays Fujikura ltd. has changed their HTS 






2.2 Mechanical properties of REBCO coated conductors  
 
The resistance of REBCO tapes to longitudinal tensile loads is dependent of the substrate material. 
In general, REBCO tapes are very strong against longitudinal tensile loads due to a high Young’s 
modulus and elastic deformation up to 0.8% tensile strain. Moreover, the current carrying capabilities 
are loosely affected by longitudinal tensile strain. However, this may vary depending also on the 
orientation. At angles between the strain direction and the direction of the tapes of 0° and 90°, the 
reduction of current carrying capabilities is maximal [13]. In other words, the strain dependency of the 
current carrying capabilities of REBCO tapes is anisotropic. 





Fig. 2.5. Architecture (non-scaled) of two commercially available REBCO tapes. [52][53] 
 
Fig. 2.6. Tensile strain dependence of 𝐼𝐶 for GdBCO coated conductors at 77 K in a self-field. The arrows 
indicate the irreversible strain for each conductor [54]  
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The strain dependence of 𝐽C in self-field for different types of REBCO conductors can be described 





= 1 − 𝑎| 0|
2.2±0.02 (2.5) 
 
where  0 is the intrinsic strain (defined by 0 ≡ − m) which takes into account the compressive pre 
strain m induced from different thermal contraction rates of the non-superconducting materials, 𝐽C( ) 
is the critical current density as a function of applied strain, 𝐽C( 0) the critical current density as a 
function of the intrinsic strain and 𝑎 is the strain-sensitivity parameter which is different depending on 
the REBCO layer properties such as average grain alignment or grain boundary morphology [54][55].  
It is known that the 𝐽C  degradation due to applied tensile strain is revertible for most HTS 
superconducting wires. However, after a certain strain value, the 𝐽C  reversibility can no longer be 
conserved due to fracture of the REBCO layer. This strain value is the irreversible strain ( irr) which is 
defined as the strain at which the irreversible degradation of 𝐽C by more than 1% of its initial value was 
first observed [54].  
Fig. 2.6 shows plot of the tensile strain dependence of the critical current 𝐼C for GdBCO coated 
conductors with different GdBCO and buffer layer crystal orientations at 77 K in self-field. The 
specifications of the conductors used are shown in table 2.1.  
On the other hand, reversibility of 𝐼C  for REBCO tapes under transverse compressive stress 
(perpendicular to the tape surface) can be conserved for relatively high stress values. Up to 150 MPa of 
compressive transverse stress can be applied on REBCO tapes from AMSC without measurable 
degradation [56], and for SuperPower ltd. tapes, up to 240 MPa of compressive hydrostatic pressure is 
possible [57]. However, all REBCO tapes are very sensitive to transverse tensile stress (perpendicular 
to the tape surface). For AMSC REBCO tapes, the current carrying capabilities are reduced by 0.38% 
at transverse tensile stress of 24.8 MPa [58]. After reaching maximum transverse tensile stress, coated 
conductors tend to delaminate at the REBCO layer. 
A summary of the electro-mechanical properties of various commercial REBCO coated conductors 






Table 2.1. Specifications of the GdBCO conductors used in [54]. 
Item Gd-I (ISTEC) Gd-F1 (Fujikura ltd.) Gd-F2 (Fujikura ltd.) 
Architecture 
(thickness) 
Ag (10 μm) Ag (12 μm) Ag  (16 μm) 
GdBCO (1.2-1.5 μm) GdBCO  (1.0 μm) GdBCO  (2.2 μm) 
CeO2 (0.5 μm) CeO2 (0.5 μm) CeO2 (0.5 μm) 
LaMnO3 (18 nm) MgO (10 nm) MgO (10 nm) 
MgO (5 nm) Y2O3 (20 nm) Y2O3 (20 nm) 
Gd2Zr2O7 (0.11 μm) Al2O3 (0.15 μm) Al2O3 (0.1 μm) 
Hastelloy® C-276 (100 
μm) 
Hastelloy® C-276 (100 
μm) 
Hastelloy® C-276 (100 
μm) 
Critical current 
203 A at 77 K, self-
field 
346 A at 77 K, self-
field 
444 A at 77 K, self-
field 
irr (%) (uniaxial 
tensile) 
























strain, 𝜺𝐢𝐫𝐫 (%) 
Irreversible stress, 𝝈𝐢𝐫𝐫 
(MPa) 
Bruker HTS 186 696 0.70-0.72 660-670 
Fujikura 174 694 0.56-0.58 690-700 
SuNAM 168 755 0.66-0.68 740-750 
SuperOx 172 957 0.47-0.49 740-760 




Table 2.3. Electro-mechanical specifications of various commercial REBCO coated conductors at 







strain, 𝜺𝐢𝐫𝐫 (%) 
Irreversible stress, 
𝝈𝐢𝐫𝐫 (MPa) 
Bruker HTS 187 736 0.70-0.72 740-750 
Fujikura 176 787 0.55-0.57 750-760 
SuNAM 168 846 0.67-0.69 830-840 
SuperOx 172 1083 0.45-0.47 770-800 








2.3 Electrical resistance of lap joints of REBCO tapes  
2.3.1 Joint resistance  
 
The electrical joint resistance between two REBCO tapes connected in single lap joint configuration 
is one of the most important parameters regarding segmented fabrication of large HTS magnets. When 
direct current is applied, the joint resistance is composed of the resistance values from the Cu and Ag 
stabilizing layers from each REBCO tape, the resistance of the bonding metal, the contact resistance 
between the uppermost stabilizing layer of the REBCO tape and the bonding metal, and the interfacial 
resistance between the layers of each coated conductor. SuperPower ltd. ltd. uses electroplating, while 
Fujikura ltd. uses tin to solder the Cu over the Ag layer. In addition to these, there is also a resistance 
value related with the magnetic flux flow into the REBCO tapes. However, its influence can be ignored 
in the case where a direct current equal to or less than the critical current is applied.  
The value of the joint resistance is dependent on temperature, load applied to the joint section and 
cleanness of the contact surfaces. It also depends on the mechanical properties of the stabilizing layer 
and the filler metal. Fig. 2.7 is a schematic illustration showing the current distribution (left) and the 
structure of a single lap joint between two Fujikura FYSC-SC05 GdBCO coated conductors using pure 
indium as filler metal (right). The joint resistance can be considered as a set of resistances connected in 
series and the sum of all the resistive components gives the total joint resistance value as Eq. 2.6 states. 
This can also be done experimentally by measuring the potential difference from across the joint section 
and dividing it by the applied current according to Ohm’s law.  
 
 
𝑅joint = 2(𝑅REBCO/Ag + 𝑅Ag + 𝑅Ag/Sn + 𝑅Sn/Cu + 𝑅Cu + 𝑅Sn) + 2𝑅contact
+ 𝑅bonding metal 
(2.6) 
 
where 𝑅joint , 𝑅REBCO/ Ag , 𝑅Ag , 𝑅Ag/Sn , 𝑅Cu , 𝑅Sn/Cu , 𝑅Sn , 𝑅bonding metal  and 𝑅contact  are the joint 
resistance, the interfacial resistance between the REBCO layer and the silver stabilizer, the silver 
stabilizer resistance, the interfacial resistance between the tin and the silver, the copper stabilizer 
resistance, the interfacial resistance between the copper and tin, the tin resistance, the resistance of the 






2.3.2 Contact resistance 
 
When two bodies with nominally flat surfaces are placed on top of each other, the whole covered 
area is usually called the contact area. However, on a microscopic scale, the contact surface of each 
body is not completely flat. Rather, they present a profile more similar to a mixture of hills and valleys. 
Therefore, in reality, when the two materials are pressed together, the real area of contact is of a much 
smaller order of magnitude than the total area covered by the surfaces, or apparent contact area. The 
shape, scale and distribution of these hills and valleys is determined by the surface treatment. For 
example, Fig. 2.8 shows a surface texture which is regular at large scale and random at a small length 
scales. A grinding or machining process could have been used to create the wave-like pattern over the 
surface. The line profile that goes parallel to the 𝑥 axis illustrates the waviness spacing and waviness 
height. If we make further zooming, a finer irregular structure can be observed. This structure is 
composed of hills or asperities, and valleys [59]. The points where the asperities of each surface touch 
can be enlarged with pressure load increment since actual materials are deformable. The contact points 
between asperities become enlarged o small areas and simultaneously new contact points may set in. 
The sum of all these areas is what we call the real contact area, and it is responsible for the contact 
resistance and other tribological phenomena like, friction, wear and adhesion.  
According to Holm’s theory [60], the contact resistance consist on the resistance due to the current 
flow being constricted through the small conducting spots where the materials are truly in contact, and 
an additional resistance associated with an alien film of contaminant or, in the case of metals, thin oxide 
film. These are called the constriction resistance and the film resistance respectively as illustrated in 
Fig. 2.9. The constriction resistance can be calculated as a function of the real contact area, and when 
the measured resistance is greater than calculated for a known area, the additional resistance is produced 
by the film resistance. The contact resistance in Holm’s theory for the case of a single contact point on 
the smaller scale length of the surface can be calculated by using Eq. (2.7).  
 
   
 
Fig. 2.7. Illustration of the cross-section of a mechanical lap joint between two REBCO tapes (left) and 







+ 𝑅film (2.7) 
 
where 𝜌, 𝑎 and 𝑅film are the electrical resistivity of the contact material, the radius of the real contact 
surface and the film resistance, respectively. The construction resistance depends on the profile of the 
contact surfaces, the contact pressure, the electrical resistivity of the constituent materials, and the film 
resistance depends on the type and the thickness of the film. The overall value of the joint resistance is 
mostly determined by the contact resistance. Poor contact between the stabilizers and the filler metal 
will result in very high joint resistance because the contact resistance is many times higher than the 




Fig. 2.8. (Top) Illustration of a regular wavy surface texture. (Bottom) Increasingly magnified view of 





2.4 Properties of materials at low temperature 
2.4.1 Thermal expansion/contraction of solids [40] 
 
Thermal expansion/contraction is the tendency of matter to change in shape, area and volume in 
response to a change in temperature, through heat transfer. When working with REBCO tapes and 
superconducting wires in general, the thermal contraction of the whole equipment has to be taken into 
account. This includes the sample holders and joint fasteners used during the experiment when the test 
section is submerged in liquid-nitrogen.  
Assuming a system of particles, temperature can be defined as the average molecular kinetic energy 
of the system. When a system is heated, the kinetic energy of its molecules increases, inducing a greater 
average separation between the molecules because their increase in movement. This separation is seen 
as an increase in the size or expansion of the system. Thus, when we heat a piece of metal, the average 
kinetic energy of its atoms increase, giving rise to macroscopic change in volume. The inverse occurs 
when the average kinetic energy is reduced by removing heat. Thermal expansion near room 
temperature data from handbooks is usually expressed in terms of the slope of the measured strain ∆𝐿/𝐿 
curve due to linear dependence on temperature on this regime. The slope, or coefficient of thermal 










Fig. 2.9. Depiction of a single contact between two asperities from two surfaces made of different metal. 




where 𝐿, 𝑇 and 𝑘 are the original length of the sample before change in temperature, the temperature 
and the coefficient of thermal expansion, respectively. However, the use of 𝜅 is limited because at low 
temperatures, the thermal contraction becomes non-linear. In order to estimate thermal expansion 
between arbitrary temperatures, we need a more general expression, where the dependency of 𝜅 on 
temperature is taken into account. It happens that this dependence is very similar to that of the specific 
heat at temperatures above 20% the Debye temperature value for any given material. Therefore, when 
𝜅 is not available, one can use the temperature dependence of the Debye function for specific heat. The 






























2.5 Fundamentals of tensile test of single lap joints  
 
Single lap joints are a widely used and relatively strong and simple way of joining two materials via 
overlapping bond. Lap joints are composed of two adherends and the adhesive material, as it can be 
observed in Fig. 2.10 where the REBCO tapes are considered as adherents and an indium foil as the 
adhesive. The apparent shear stress 𝜏 at the joint section is constant over the overlap length when 







where 𝑃 is the applied tensile load in the longitudinal or width-wise direction, 𝑏 is the joint width and 
𝑙 the overlap length. Eq. (2.10) can be interpreted as the average shear stress acting on the adhesive 
layer. Eq. (2.10) is still the basis for quoting shear strength in many test standards such as ASTM and 
ISO standards [61][62]. On the other hand, in order describe the stress distribution on a single lap joint 




2.5.1 Volkersen model [63] 
 
Volkersen’s shear lag analysis assumes that the adhesive deforms only in shear, while the adherend 
only deforms in tension. Fig. 2.11 shows the deformation of loaded single lap joint with elastic 
adherends. For this cases, if we analyze the upper adherend, the tensile stress is maximum at A and falls 
to zero at B. Thus, the tensile strain is larger at A than at B and it reduces when moving from A to B 
along the overlap length direction. The converse is true for the lower adherend. Therefore, if we assume 
continuity of the adhesive/adherend interface, the deformation of the adhesive will be like the one 
shown in Fig. 2.11. The reduction of the strain in the adherends and the continuity on the interface cause 












Fig. 2.10. Single lap joint showing REBCO tapes as the adherends and the indium foil as the adhesive 
material (scale is arbitrary).   
  
Fig. 2.11. Exaggerated deformations in loaded single lap joint with elastic adherends [63]. 
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For adherends with equal thickness, the differential equation for the shear stress the adhesive along 







) 𝜏𝑥 (2.11) 
 
which has a solution: 
 𝜏𝑥 = 𝐴1 cosh (√2 (
𝐺𝑙2
𝐸𝑡1𝑡a
) 𝑥) + 𝐴2 sinh (√2 (
𝐺𝑙2
𝐸𝑡1𝑡a
) 𝑥) (2.12) 
 
where 𝜏𝑥  is the shear stress of the adhesive along the overlap length, 𝐺 is the adhesive’s shear modulus, 
𝑙 is the overlap length, 𝐸 is the Young’s modulus of the adherends, and 𝑡1 and 𝑡a are the adherend and 
adhesive thickness, respectively. 𝐴1 and 𝐴2 are arbitrary constants, defined by the boundary conditions. 
With appropriate boundary conditions and dividing the general solution by the averaged applied stress 








































Fig. 2.12 shows the Volkersen’s adhesive shear stress distribution for a joint sample of dimensions 
shown on the upper side of the plot. It can be observed that the maximum shear stress occurs at the ends 





2.5.2 Goland-Reissner model [63][64] 
 
The Volkersen model does not take into account two important factors; the directions of the two 
forces 𝑃 are not collinear, that is, a load eccentricity is present, and this eccentricity will induce a 
bending moment applied to the joint in addition to the in-plane tension. The adherents will bend, 
allowing the joint to rotate as shown in Fig. 2.19. It is clear that the adhesive layer will no longer be 







Fig. 2.12. Shear stress distribution across the overlap length of a single lap joint model with parameters 
shown on the schematic drawing. 
 
Fig. 2.13. Illustration of a single lap joint when (a) no load is applied, (b) tensile load is applied [63]. 
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Goland and Reissner (1944) took this effect into account by introducing the bending moment factor 







where 𝑃0 is the applied tensile load at the edge of the lap, 𝑡 is the thickness of the adherends (assuming 
same thickness), and 𝑀0  is the bending moment on the adherend at the end of the overlap. 𝑃0 and 𝑀0 
can be calculated using the following equations: 
 
 𝑃0 = 𝑃 cos Φ (2.15) 
 

















 𝑢1 = √
𝑃 ∙ 12(1 − 𝜈2)
𝐸𝑡3
cos Φ  
 𝑢2 = √
𝑃 ∙ 3(1 − 𝜈2)
2𝐸𝑡3
cos Φ  
 
where Φ is the angular measure between line of axis of applied force and plane of bond, 𝐿 is the length 
of the adherent from point of load application to the beginning of the overlap, 𝑐 is half the overlap 
length, 𝑡a is the adhesive thickness and 𝜈 the adherend’s Poisson ratio.  
By treating the adhesive layer as an infinite number of shear springs and an infinite number of 
tension/compression springs in the direction perpendicular to the overlap plane, soluble differential 
equations, assuming plane strain, to describe the shear stress and peel stress distribution can be 
described. In order to derivate the shear and peel stress equations, the following assumptions were made; 
the adhesive shear and peel stresses are assumed to be constant through the adhesive thickness, and the 
adhesive direct stress parallel to the adherends is assumed negligible. Moreover, the materials of both 
the adhesive and adherends are assumed to be elastic and to behave linearly.  
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The adhesive shear stress distribution 𝜏(𝑥) found by Goland & Reissner with slight modifications 
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𝑟1 = cosh 𝜆 sin 𝜆 + sinh 𝜆 cos 𝜆 







(sin 2𝜆 + sinh 2𝜆) 
 
Fig. 2.13 shows the Goland & Reissner’s adhesive shear and peel stress distribution for a joint 
sample of dimensions shown on the upper side of the plot. It can be observed that the maximum shear 















Fig. 2.13. Shear stress and peel stress distribution across the overlap length of a single lap joint model with 




Numerical Stress Analysis of Bridge-Type Lap 
Joints of STARS Conductors during Fabrication, 
Cooling and Operational stages 
 
In this chapter is discussed the necessity for evaluating the different stress scenarios in which a 
potential bridge-type lap joint of STARS conductors is going to be subjected during its life cycle. In 
order to do so, various numerical analyzes are performed where the physical conditions dominating 
each stage in the lifecycle of the joint is simulated using a commercial finite element software. All this 
with the ultimate goal of determining the critical stresses that could potentially endanger the integrity 
of the joints, as well as the STARS conductors. 
 
3.1 Bridge-type lap joint fabrication stage 
3.1.1 Fabrication method 
 
Bridge-type lap joints of STARS conductors can be fabricated following three different ways: (1) 
by having the copper jacket and stainless steel jackets prefabricated with the helical curvature and then 
joining the segments, (2) by joining the segments with a longitudinally straight geometry just like in the 
case of the 100 kA joint prototype [33] and then applying twisting and bending to the desired helical 
shape as shown in Fig. 3.1; and (3) by fabricating a straight joint without any twisting and bending (in 
this case the helical-shaped structural support must be modified to account for the straight sections 
where the joints will be located).  
From the three fabrication options discussed above, fabrication method (2), i.e. the twist-bend option, 
is the one that would induce mechanical stresses on the REBCO stack. Therefore, in this section a 
numerical analysis of the stresses induced when twisting and bending the STARS conductor is analyzed. 
For this, bending moments and torques were applied to the 1.2 m long STARS conductor model along 
with the following equations: 













where 𝑀𝑥  is the applied bending moment, 𝑇𝑧 is the applied torque, 𝐼𝑥  is the second moment of area, 𝐽 
is the polar moment of inertia, 𝐸𝑧
STARS is the equivalent Young’s modulus of the STARS conductor, 
𝐺𝑦𝑧
STARS the equivalent shear modulus, 𝑙 is the conductor length, 𝜌 is the arc radius and 𝜑 the angle of 
twist.   
In order to determine the magnitude of the bending moments and torques, a 3D CAD model made 
using Autodesk Inventor™ with the design parameters of the FFHR-d1 reactor, [65], was employed to 
measure 𝜌 of the curved conductor as well as 𝜑. Fig. 3.2 illustrates the 3D CAD model of a single 
STARS conductor located in one of the slots inside the structural support as well as the measured 
bending radius and angle of twist. Fig. 3.3 shows the CAD model of the helical coil and a close-up of 
the outer side where a single STARS conductor bridge-type lap joint is located. Half of the bridge-type 
lap joint with an arc radius ρ of 6.37 ± 0.01 m and a total angle of twist φ of 7.43 ± 0.1 degrees can be 
also observed. Additionally, a second moment of area 𝐼𝑥  equal to 1.064×10
6 mm4 and a polar moment 
of inertia  𝐽 equal to 2.1281×106 mm4 were determined using the same software.  
Next, for the estimation of 𝐸𝑧
STARS  and 𝐺𝑦𝑧
STARS  it is necessary to determine the equivalent 
homogeneous mechanical properties of the GdBCO tape stack and the insulator, and then move forward 










3.1.2 Finite Element model parameters 
 
The numerical analysis in this section was performed using COMSOL Multiphysics®, a commercial 
software. The dimensions of the STARS conductor cross-section are shown in Fig. 3.3. A 1.2 m long 
STARS conductor model featuring the staircase geometry of a virtual bridge-type lap joint was used. 
The dimensions of the channel where the REBCO stack rows are placed were chosen based on the 
thickness and width of the REBCO tape. For this chapter two kinds of commercially available REBCO 
tapes where used; the Fujikura FYSC-SC10 GdBCO tapes of total thickness of 210 μm used in the 
100 kA bridge-type lap joint prototype [33], and the SuperPower ltd. SCS12050 YBCO tape of total 
thickness of 100 μm. The virtual bridge-type lap joint is composed of 3 rows of 20 stacked REBCO 
tapes with a 0.5 mm gap between each row to give a total height of the REBCO stack of 4.2 mm for the 
case of the FYSC-SC10 GdBCO tapes, and 2 mm for the case of the SCS12050 YBCO tapes.  
  
 
Fig. 3.2. Illustration of the helical coils of the FFHR-d1 (right) and the location where a single STARS 
conductor is, and the arc radius and angle of twist as the conductor follows the helical path of the coil. 
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In the actual FEM, the three rows of REBCO stacks where actually modelled as equivalent 
homogeneous domains without taking into account the indium foil for each lap joint for the sake of 
reducing memory and calculation time. For the case of the 1.2 m long model used in section 3.2, each 
REBCO stack row was partitioned into three parts connected through continuous boundary conditions 
for the purpose of results post-processing where stress and strain distribution can be visualized over the 
layers of the of the bridge joint. The equivalent 3D model showing the tetrahedral mesh is displayed in 
Fig. 3.4. Additionally, in order to reduce the memory consumption and calculation time, the GdBCO 
tape stack parts were considered as staircase-shaped solids with equivalent homogeneous mechanical 
and thermal properties. Therefore all REBCO stacks are considered as solid domains shaped with the 
staircase geometry of the bridge-type lap joint. Moreover, the external boundary conditions were chosen 
depending on the physics dominating each stage of the conductor’s lifecycle. 
It is important to point out that the configuration shown in Fig. 3.3 is not the final design since the 
dimensions of the conductor components might change depending on the different engineering 





Fig. 3.3. Cross-sectional view of the gas-cooled HTS conductor designs with (a) stack of Fujikura ltd. 





The parameters of all composite materials used throughout this section which correspond to the 
Fujikura Ltd. FYSC-SC10 tapes, the SuperPower ltd. SCS12050 tapes, and the laminated insulator are 
shown in Table 3.1 and Table 3.2 and Table 3.3. The GdBCO or YBCO, and buffer layers were omitted 
in this study. For the case of the Fujikura tape parameters, the thickness values of each layer 
corresponded to those of the FYSC-SC10 tape used in the 100 kA bridge-type lap joint prototype [33]. 
For the case of the insulation, a laminated composite made from a combined Kapton®/G-11CR films 
was chosen. The films feature G-11CR as the epoxy/fiber-glass-cloth layer. Additionally, the Young 
modulus for the stainless steel jacket and the copper jacket are 200 GPa [39] and 117 GPa [40], 
respectively; and a Poisson’s ratio of 0.3 [39] was used for the stainless steel jacket and 0.34 [66] for 








Fig. 3.4. Meshed model of the STARS conductor featuring three rows of REBCO tapes with the staircase 
geometry of the bridge-type lap joint. 
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Table 3.1. Specifications of the Fujikura Ltd. FYSC-SC10 tapes. 
Layer Thickness (μm) Young modulus (GPa) Poisson’s ratio 
Copper stabilizer 100 117 [40] 0.34 [66] 
Tin 4 45 [67] 0.33 [67] 
Silver 5.8 82 [68] 0.37 [68] 
Hastelloy® C-276 100 205 [40] 0.3 
 
 
Table 3.2. Specifications of the SuperPower Ltd. SCS12050 tapes. 
Layer Thickness (μm) Young modulus (GPa) Poisson’s ratio 
Copper stabilizer 2×20 117 [40] 0.34 [66] 
Silver 5.8 82 [68] 0.37 [68] 
HatelloyC-276 50 205 [40] 0.3 
 
 


























3.1.3 Cell periodicity analysis 
 
For many types of inhomogeneous materials, it is possible to compute effective material data by 
studying the smallest repetitive structure by using periodic boundary conditions. Such a cell is often 
called a representative volume element (RVE) as shown in Fig. 3.5.  
Because essentially the stack of REBCO tapes and the insulator can be considered as composite 
materials, we can estimate the effective elasticity matrix 𝐃𝐑𝐄𝐁𝐂𝐎  and 𝐃𝐢𝐧𝐬𝐮𝐥𝐚𝐭𝐨𝐫  of the stack and 
insulator respectively by using a representative volume element (RVE) from the laminates. The 
software COMSOL Multiphysics®’ Cell Periodicity attribute offers an RVE analysis where periodic 
boundary conditions are set to each model following the procedure described in [71] in order to obtain 
their respective effective elasticity matrices.  
The cell periodicity study starts by selecting the RVE of each composite material. Fig. 3.6 shows the 
RVEs for the Fujikura Ltd. GdBCO tape, the SuperPower ltd. YBCO tape, and the insulator laminate 
made from G-11CR fiberglass cloth and polyimide laminates, respectively. Next is the selection of the 
boundary pairs in order to apply periodic symmetry along each of the axes. Fig. 3.7 shows the boundary 












The governing equation for each boundary pair are given by the following equation: 
 








Fig. 3.7. Boundary pairs of the unit cell from the Fujikura ltd. FYSC-SC10 tape stack. 
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where 𝑈dst, 𝑈src, 𝑟dst, 𝑟src  and avg  are the destination boundary displacement, the source boundary 
displacement, the destination boundary position vector, the source boundary position vector and the 
average strain.  
By taking the inverse of the elasticity matrix, the effective mechanical properties of the REBCO 





where 𝛆, 𝐒 and 𝛔 correspond to the strain matrix, inverse of the elasticity matrix and the stress matrix 
respectively. 𝐸𝑖 is the Young’s modulus along 𝑖, 𝐺𝑖𝑗  the shear modulus along 𝑗 on the plane whose 
normal is along 𝑖 and 𝜈𝑖𝑗  the Poisson’s ratio corresponding to a contraction along 𝑗 when tension is 
applied along 𝑖, and 𝑖, 𝑗 = 1,2,3. 
The parameters of all materials used on the RVEs representing the Fujikura Ltd. FYSC-SC10 tapes, 
the SuperPower ltd. SCS12050 tapes, and the G-11CR/Kapton® insulator laminate are the same as the 
ones corresponding to Table 3.1, Table 3.2, and Table 3.3 shown on section 3.1.2. After performing the 
cell periodicity study, the effective Young’s modulus, shear modulus and Poisson’s ratio of the Fujikura 
Ltd. FYSC-SC10 tape stack, SuperPower ltd. Ltd. SCS12050 tape stack, and G-11CR/Kapton® 
insulation estimated using the inverse elasticity matrix (3.4) are shown in Table 3.4, Table 3.5 and Table 
3.6, respectively. 
 
Table 3.4. Effective mechanical properties of Fujikura Ltd. FYSC-SC10 tape stack 

















Table 3.5. Effective mechanical properties of SuperPower ltd. Ltd. SCS12050 tape stack. 












Table 3.6. Effective mechanical properties of G-11CR/Kapton® Insulator. 












Lastly, to determine 𝑀𝑥  and 𝑇𝑧 we need the effective Young’s modulus and shear modulus of the 
STARS conductor by using the values from Table 3.2 as input data. For the estimation of 𝐸𝑧
STARS the 
rule of mixture can be used for a quick calculation. To estimate the effective young modulus in the 
direction parallel to the conductor’s length, and the effective shear modulus 𝐺𝑦𝑧
STARS the rule of mixtures 
is given by the following expression: 
 
 𝐸𝑧












where 𝑉𝑖, 𝐸𝑧,𝑖 and 𝐺𝑦𝑧,𝑖 are the volume fraction, the Young modulus, and the shear modulus of material 
𝑖, respectively. Therefore, 𝐸𝑧
STARS  equals to ≈160 GPa for the case of the STARS conductor with 
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Fujikura ltd. FYSC-SC10 tape stack, and the STARS conductor with SuperPower ltd. SCS12050 tape 
stack, respectively. On the other hand, for the case of the effective shear modulus 𝐺𝑦𝑧
STARS, since the 
insulator is an orthotropic material with cylindrical geometry, using the rule of mixtures might give us 
an erroneous value. Thus, another FEA analysis was used to determine 𝐺𝑦𝑧
STARS, the model consisted in 
using a unit cell with dimension and mesh shown in Fig. 3.8 (left). Then, a continuous periodic boundary 
condition was placed on both cross-section faces of the STARS conductor. A boundary load of 
10 MN/m2 was applied to the respective boundaries in order to apply shearing stress in the 𝑦𝑧 plane.  
The Young modulus for the stainless steel jacket and the copper jacket are 200 GPa [39] and 
117 GPa [40], respectively; and a Poisson’s ratio of 0.3 [39] was used for the stainless steel jacket and 
0.34 [66] for the copper jacket. By using the results of the average stress tensor 𝑦𝑧 component value of 
-5.13 MPa and the average shear strain 𝑦𝑧 equal to - 55.9×10
-6 obtained from the FEA simulation 
shown in Fig. 3.8 (right), and applying Hooke’s law, the shear modulus 𝐺𝑦𝑧
STARS is equal to 45.9 MPa 
for the case of the STARS conductor with Fujikura ltd. FYSC-SC10 tape stack. The same value could 
be assumed for the case of the STARS conductor with SuperPower ltd. SCS12050 tape stack.   
Therefore, the corresponding values of 𝑀𝑥  and 𝑇𝑧 are determined using Eq. (3.1) and Eq. (3.2) to 














3.1.4 Twist-bend fabrication structural analysis results 
 
Two rigid connector boundary conditions were added to both ends of the conductor model as shown 
in Fig. 3.9 (a). The rigid connector is a special kinematic constrain that allows the user to apply forces 
and moments to the selected boundaries. Furthermore, a spring foundation boundary condition with a 
spring constant per unit area of 10 N/(m∙m2) was applied to the outer surface of the stainless steel jacket 
as shown in Fig. 3.9 (b), which is necessary for the model’s numerical solution to converge. In addition, 










Fig. 3.9. Boundary conditions for the twist & bending FEA. 
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Strain distribution corresponding to the stain tensor component in the 𝑧 direction (length-wise) of 
the STARS conductor is shown in Fig. 3.10 (a). The stress distribution corresponds to that of a bar 
under pure bending. In reality, the ends of the STARS conductor are continuous following the helical 
shape of the half-pitch segment. Moreover, according to the technical data from Fujikura ltd, the 
irreversible or critical tensile strain c of the Fujikura ltd. GdBCO tapes is about 0.52% [54], whereas 
for the case of the bending of the STARS conductor, the maximum absolute strain value estimated for 
the GdBCO tape stack was 0.03%, thus it can be said that the tapes would not suffer critical current 
degradation. 
On the other hand, the twisting of the cable induces shearing stress in the 𝑦𝑧 plane across the width 
of the REBCO tape stack as shown in Fig. 3.10 (b) for the case of the Fujikura ltd GdBCO tape stack 
and 3.10 (c) for the case of the SuperPower ltd. SCS12050 tapes. The shear inverts from one extreme 
to the other with a maximum absolute shear stress of 56 MPa located at the edges of the lateral rows of 
GdBCO tapes. Therefore, in terms of joint’s mechanical failure, the REBCO tape row in the middle 
could maintain its integrity, whereas for the side rows, the joints could suffer shearing damage. However, 
a more critical point to address is the shear strength of the REBCO tapes themselves since if these are 







Fig. 3.10. Results from the twist & bending FEA analysis for (a) strain tensor 𝑧 component (%), (b) shear 
tensor 𝑦𝑧 component (MPa) for the case of REBCO stack made of Fujikura tapes, and (c) shear tensor 𝑦𝑧 
component (MPa) for the case of REBCO stack made of SuperPower ltd. tapes. 
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The high shearing due to twisting of the STARS conductor is particularly high because the internal 
boundaries between the REBCO stacks and the copper jacket are continuous, meaning that the REBCO 
stacks are perfectly connected to the copper jacket. If a “frictionless” internal boundary condition is 
considered, the shearing stresses will decrease. Fig. 3.11 shows the boundaries selected from the FEM 
where the boundary condition was considered as “contact pair” with no friction.  
The results shown on Fig. 3.12 show that indeed the shear stress decreased at the outer sides of the 








Fig. 3.11. FEM model showing the frictionless contact boundary condition between the REBCO stack and 
the copper jacket (the staircase geometry was omitted for the sake of saving calculation time). 
 
 
Fig. 3.12. In-plane shear stress yz component for the case of STARS conductor with frictionless boundary 
conditions between the REBCO tape stacks and the copper jacket. 
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The problem with this solution is that the REBCO tapes would likely not slide freely against the 
walls of the copper jacket’s channel. In fact, the REBCO tapes should be in good contact with the copper 
jacket in order to reduce any type of thermal and electrical resistance. It is very important to find a 
solution regarding the shearing stresses due to cable twisting because not only the joint region can be 
affected during twist-bending fabrication, but also the STARS conductors themselves will be affected 
too when bending them to the shape of the half-pitch or single-pitch helical coil.  
Therefore, this is a crucial matter for validating the feasibility of the STARS conductors and it needs 
to be addressed by taking into account all parameters regarding the use of HTS coated conductors for 
fusion reactors such as the FFHR-d1. One way that might help solve this matter is by changing the ratio 






















3.2 Thermal expansion analysis 
3.2.1 Thermal contraction of materials 
 
In order to reach the critical current density necessary for generating the helical magnetic field, the 
superconducting coils must be cooled down to 20 K by pumping helium gas though the corner slits 
created when assembling together the STARS conductors. This will create internal thermal stress due 
to thermal expansion (contraction) of the materials. As it was mentioned in Chapter 1 section 1.5, 
thermal contraction of copper and stainless steel are similar, while Hastelloy® (HTS conductor’s 
substrate) shrinks less. Because most the STARS conductors are made of copper and stainless steel, the 
thermal stress should not affect the mechanical integrity of the HTS tapes as well as their lap joints. 
However, because the current design of the gas-cooled STARS conductor features nonmetal and 
polymer materials corresponding to the insulator. These materials have higher coefficients of thermal 
expansion compared to those of the metals and alloys used in the design. Therefore, a more detailed 
study on the thermal stress effects on the STARS conductor is necessary.  
For this, the effective coefficients of thermal expansion of the composite materials, i.e. the REBCO 
tape stacks and the insulator laminate, are estimated using the cell periodicity study previously 
introduced in section 3.1.3, and then a numerical analysis of the thermal expansion and the induced 
stresses is performed using the same model for the STARS conductor introduced in section 3.1.2. The 
equation used to estimate the thermal strain th of each material is the following: 
 
th(𝑇) = 𝛼sct(𝑇) ∙ (𝑇 − 𝑇ref) (3.7) 
 
where th is the thermal strain, 𝑇 is the temperature at which the strain is estimated and is equal to 20 K, 
𝑇ref  is the reference temperature equal to 293 K, and 𝛼sct(𝑇)  is the secant coefficient of thermal 
expansion at 𝑇.  
The values of 𝛼sct(𝑇) estimated using the thermal strain data of each material where a polynomial 
function can be used to describe the relation between thermal strain and temperature. As an example, 
Fig. 3.13 shows the thermal expansion data for copper, [40], as well as (1) the linear equation 
corresponding to thermal expansion when using the secant coefficient of thermal expansion at 20 K, 
𝛼sct(20 K) which was estimated to be 11.93×10
-6 K-1, (2) the linear equation corresponding to thermal 
expansion when using the coefficient of thermal expansion at room temperature 𝛼(293 K)
Cu  which is equal 
to 16.7×10-6 K-1, and (3) the polynomial trendline function. It can be observed that by using 𝛼sct(𝑇) and 





3.2.2 Finite element model parameters 
 
In this section, the same FEM used in section 3.1 was also used. However, for the sake of saving 
memory and calculation time, the three rows of REBCO tape stacks are considered as solids without 
the “staircase” structure of the bridge-type lap joint since the focus is mainly towards stresses and strain 
generated across the 𝑥𝑦 plane, i.e. the cross-section of the STARS conductor. Moreover, in the 3D 
model both ends of the conductor are considered free while the spring foundation boundary condition 
shown in Fig. 3.9 (b) was kept. A cell periodicity analysis is performed in order to estimate the effective 
secant coefficient of thermal expansion of the composite materials using the RVEs corresponding to the 
Fujikura ltd. FYSC-SC10 tape stack and the SuperPower ltd. SCS12050 and the G-11CR/Kapton® as 
shown in Fig. 3.6.  
Table 3.7 shows the mechanical properties as well as the secant coefficients of thermal expansion 
𝛼sct estimated for 20 K for each layer of the insulator. Here, 𝛼∥ is the secant coefficient of thermal 
expansion in the direction along the glass fibers and 𝛼⊥ transverse to the fibers. Additionally, the values 
of the Young’s modulus, shear modulus and Poisson’s ratio of the G-11CR layer were approximated to 
 
Fig. 3.13. Thermal expansion data for copper [40] showing (1) the linear equation corresponding to 
thermal expansion when using the secant coefficient of thermal expansion at 20 K, 𝛼sct(20 K) 
which was estimated to be 11.93×10-6 K-1, (2) the linear equation corresponding to thermal 
expansion when using the coefficient of thermal expansion at room temperature 𝛼(293 K)
Cu  which is 
equal to 16.7×10-6 K-1, and (3) the polynomial trendline function.  
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the average value of each property at 77 K and at 4 K, respectively. For the case of the Kapton® layer, 
the change in Poisson’s ratio with temperature was disregarded, while its Young’s Modulus was 
estimated by approximating it to the average of it at 77 K and 4.2 K, respectively.  
 


























Kapton® 4.5 [73] 1.68 0.34 [70] 16.16×10-6 K-1 [40] 
 
Moreover, Table 3.8 shows the values of the mechanical properties and 𝛼sct for each layers of the 
Fujikura ltd. FYSC-SC10 tape and SuperPower ltd. SCS12050 tape, respectively. Again, the GdBCO 
and YBCO layers are ignored. Furthermore, since the Young’s modulus of the Hastelloy® C-276 does 
not change significantly, and the Tin layer’s thickness is smaller than the rest of the layers, the change 
in Young’s modulus with temperature was only considered for the copper stabilizer layer as well as the 
silver layer of each REBCO tape considered in this study. The same considerations were taken for the 
case of the copper jacket and the stainless steel jacket, where the change in Young’s modulus with 
temperature was only considered for the copper jacket while for the stainless steel jacket, a Young’s 
modulus of 200 GPa and Poisson’s ratio of 0.3 where used. In addition, the change in Poisson’s ratio 
with temperature was disregarded for the case of the copper jacket. 
 
Table 3.8. Mechanical and thermal-expansion parameters of Fujikura ltd. FYSC-SC10 tape and 
SuperPower ltd. SCS12050 tape layers at 20 K. 
Layers Young’s Modulus (GPa) Poisson’s ratio 𝜶𝐬𝐜𝐭(𝟐𝟎 𝐊) (K
-1
) 
Copper  144.79 [74] 0.34 [66] 11.93×10-6 
Silver 90.13 [68] 0.37 [68] 15.1×10-6 
Tin 45 [67] 0.33 [67] 5.55×10-6 
Hastelloy® C-276 205 [40] 0.3 8×10-6 
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Results from the cell periodicity analysis are shown in Table 3.9, Table 3.10 and 3.11 where the 
effective mechanical and thermal-expansion properties for the G-11CR/Kapton® insulator, the 
Fujikura ltd. FYSC-SC10 tape stack, and the SuperPower ltd. SCS12050 tape stack, respectively.  These 
are the values used as input data in the STARS conductor model. 
 
Table 3.9. Effective mechanical and thermal-expansion properties of the G-11CR/Kapton® 
Insulator at 20 K. 




















Table 3.10. Effective mechanical and thermal-expansion properties of the Fujikura Ltd. FYSC-
SC10 tape stack at 20 K. 




















Table 3.11. Effective mechanical and thermal-expansion properties of the SuperPower ltd. 
SCS12050 tape stack at 20 K. 





















3.2.3 Thermal expansion analysis results 
 
Fig. 3.14 (b) and Fig. 3.15 (b) show the resulting strain component in the 𝑥 direction across the 
cross-section of the STARS conductor. A compressive strain of 0.29% is observed on the GdBCO tape 
stacks. If we consider that the irreversible strain of the REBCO tapes is the same length-wise and width-
wise, then 0.29% is acceptable since irreversible tensile strain values for Fujikura Ltd. GdBCO tapes is 
reported to be around 0.43% and 0.53% [41], and for the case of SuperPower ltd.’s YBCO tapes is 0.6% 
[75]. Furthermore, because the copper jacket will contract slightly more than the REBCO tape stack, 
there will be shear stress at the boundaries where the stacks and the copper jacket are connected as it is 
shown in Fig. 3.14 (c) and Fig. 3.15 (c). The shear stress is concentrated at the corners of each stack. 
Likewise, the effects of thermal stress are also present across the height of the REBCO stack. 
Fig. 3.14 (a) and Fig. 3.15 (a) show the results for the 𝑦 component of the shear tensor. There is 
transverse tensile stress present at the REBCO tapes originated due to the large difference in SCTEs 
between the insulator (𝛼𝑟) and the REBCO stack and copper jacket. The maximum transverse stress is 
located at the sides of the REBCO stack, i.e. the edges of the GdBCO tapes. The author was not able to 
obtain information regarding the transverse delamination of the FYSC-SC10 tapes due to the fact that 
these tapes are currently discontinued. On the other hand, transverse tensile strength of electroplated-
stabilizer tapes like SuperPower ltd.’s YBCO tapes has been previously reported [75] where a 
probabilistic approach was taken due to the large variation in the experimental data. According to [75] 
the SuperPower ltd. tapes would have 6% probability of failure under a 30 MPa transverse load. 
However, because tensile stresses as high as 80 MPa appear at the sides of the REBCO stack, failure 
would likely occur in these regions and propagate across the width of the tapes. Additionally, transverse 
strength of the mechanical lap joints featuring indium as bonding material has yet to be carefully 
analyzed. 
The reason why there is tensile stress in the y direction is because the insulator has higher secant 
coefficient of thermal expansion in the radial direction, in comparison with the rest of the materials. 
Therefore, under thermal contraction regime, the insulator shrink more than the rest of the materials if 
the radial secant coefficient of thermal expansion is higher. On the other hand, if the insulator material 
is changed to one that does not shrink that much, like MgO which has a thermal strain of -0.139 % [40] 
at 20 K, the stress condition might remain the same, this time because the copper jacket will shrink 
more (-0.323 % [40]) and it will try to pull both the REBCO stack and the MgO insulator in the y 
direction. Therefore, if the insulator’s secant radial coefficient of thermal expansion is in between those 
from the stainless steel jacket and the copper jacket, there should be no tensile thermal stress in the y 
direction. 
Another solution to this situation is to apply a compressive pressure over the bridge-type lap joint 






Fig. 3.14. Results from the thermal stress FEA corresponding to (a) the stress tensor 𝑦 component, (b) the 








Fig. 3.15. Results from the thermal stress FEA corresponding to (a) the stress tensor 𝑦 component, (b) the 
strain tensor 𝑥 component, and the stress tensor 𝑥𝑦 component.  
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3.3 Electromagnetic force analysis 
3.3.1 Finite element model (cell periodicity study) 
 
Lastly, the operating stage of the STARS conductors is the most crucial stage since very high 
transport currents to produce high magnetic fields will induce the electromagnetic stress previously 
discussed on the FFHR-d1 multi-scale analyses [36], [39]. In order to analyze the stress distribution for 
the case of lap joints embedded in their respective stack rows, the unit cell of the STARS conductor 
from Fig. 3.8 was used. This time, the boundary conditions are assumed to be periodically symmetric, 
for which the cell periodicity study introduced in section 3.2 can be used. Here, the boundary pairs of 
the RVE are shown in Fig. 3.16.  
Furthermore, for this section the STARS conductors featuring Fujikura ltd. FYSC-SC10 tapes is the 
only one considered. The dimensions of the REBCO tape stacks and mechanical properties of each 
material correspond to those shown in Table 3.9, Table 3.10 and Table 3.11 for the G-11CR/Kapton® 
insulator and Fujikura ltd. FYSC-SC10 tape stack, respectively. Young modulus values of 144.79 GPa 
and 200 GPa were used for the copper jacket and stainless steel jacket, respectively. Likewise, the 









Fig. 3.16. . Boundary pairs of the representative volume element of one helical coil with STARS conductors. 
The illustration shows the stacks of Fujikura ltd. FYSC-SC10 tapes with height equal to 4.2 mm and width 
10 mm, respectively. 
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The average strain values obtained from the previous multi-scale study [39] are used as input data, 
which correspond to the maximum shear stress of 30-40 MPa on the outer helical coil at 0° toroidal 
angle. Moreover, the stress distribution for a trio of single lap joints located in the middle of the REBCO 
stack is also analyzed. 
 
3.3.2 Electromagnetic forces study results 
 
Results from the electromagnetic forces analysis using the cell periodicity study is shown in 
Fig. 3.17 where the Von Mises stress distribution over the whole RVE is plotted while displaying the 
non-scaled deformation of the STARS conductor as the shear strains and compressive loads are induced. 
However, the maximum stresses estimated in this section may vary due to the fact that the mechanical 
properties and dimensions of the materials (REBCO tape stack) are different from the ones from the 
previous multi-scale analysis [39]. Nevertheless, the tendency of the stress distributions across the 
STARS conductor remains the same.  
Likewise, results for the in-plane 𝑥𝑦  shear stress distribution and in-plane 𝑦𝑧  shear stress 
distribution across the STARS conductor cross-section and REBCO stack rows are shown Fig. 3.18 and 
Fig. 3.19 respectively. The peak stresses appear in the same region as in study [39], with a similar 
magnitude. These shearing stresses will act simultaneously over the REBCO stack where the lap joints 
of REBCO tapes are located in addition to the shearing stresses from the cooling stage assuming that 
the bridge-type lap joint is not fabricated using the twist-bend method. Moreover, the stress distribution 
for the trio of lap joints located in the middle of the REBCO stack rows is shown in Fig. 3.20. As it can 








Fig. 3.17. Results from the electromagnetic force FEA corresponding to (a) the stress tensor 𝑦𝑧 component 
the STARS conductor and the REBCO tape stack rows  
  
Fig. 3.18. Results from the electromagnetic force FEA corresponding to the stress tensor 𝑥𝑦 component the 





Furthermore, there is stress concentration at the edges of the overlapping area because of the small 
gap that is left between the REBCO tapes where the edges of the lap joint are located. This could mean 
that if failure occurs, it would likely start at these locations.  
On the other hand, it turns out that lap joints inside the STARS conductor would shear but at the 
same time there will be transversal pressure, because there is also a compressive stress component in 
the 𝑦 direction that acts over the REBCO tape stack. This compressive stress might turn out to be 
beneficial since it would help in keeping the tapes and their lap joints pressed together during operation 
stage. The compressive stress distribution is shown in Fig. 3.21. Therefore, an experimental study 
combining both stress conditions is also important in order to evaluate the electromechanical behavior 
of the lap joints under these conditions. 
 
Fig. 3.19. Results from the electromagnetic force FEA corresponding to the stress tensor 𝑦𝑧 component the 












Fig. 3.20. In-plane xy shear distribution across three lap joints (up), and the shear component traction vector 
(red arrow) and the normal component (blue arrow) of the single lap joint in the center row. 
  
 
Fig. 3.21. Results from the electromagnetic force FEA corresponding to the stress tensor 𝑦 component the 




Shear strength of REBCO tapes along the width 
direction 
 
In the current design of the STARS conductor there are three key components that are required to 
maintain their mechanical stability during all stages of the cable’s lifecycle. The first one is the insulator 
which is necessary for electrical insulation while maintaining high thermal properties. However, if 
mechanical failure of the insulator happens, this might represent a problem because a particular fracture 
might change the inductance while increasing its thermal resistance. On the other hand, because the 
present work is mainly focused on the joints between the REBCO tapes, the mechanical strength of the 
insulator is out of the scope of this chapter.  
The second and most important key component are clearly the REBCO tapes. So far several studies 
related to the transverse tensile strength of REBCO coated conductors have been done in the past 
[76][58]. For the case of the electroplated-stabilizer REBCO tapes such as the SuperPower ltd. SCS4050, 
a presentation from 2014 by the company showed the results for the transverse delamination (in the 
direction of the c-axis) and peel delamination behavior of their product [76]. The results for the case of 
transverse delamination showed a variation in the values of tensile strength which led to the use of a 
Weibull analysis which is a statistical analysis that can be used for the estimation of the probability of 
failure of the tapes due to its flexibility in terms of probability distribution function.  The results from 
this Weibull analysis of the transverse tensile strength using an anvil test are shown in Fig. 4.1 for tests 
done at room temperature and 77 K, respectively. Moreover, it was discussed that these results are 
typical of brittle materials, and it so happens that the weakest point of REBCO tapes is located in the 





As it was discussed in chapter 3, the results from the thermal expansion analysis showed that for the 
original design of the STARS conductor, a combination of compressive stress in the direction along the 
width of the REBCO tapes and a tensile stress in the direction normal to the c-axis of the REBCO tapes, 
could increase the probability of failure by delamination. However, the scope of this study is mainly 
focused on the shear strength characteristics of the REBCO tapes since this stress component is more 
present on the STARS conductors according to the results obtained in chapter 3. Therefore no empirical 
evaluation of the transverse tensile strength was performed on this work. 
On the other hand, shear strength of the REBCO tapes has been also evaluated before. One study 
from L. Liu et al [77] described the delamination behavior of the SuperPower ltd. ltd. SCS4050 YBCO 
tapes under shear stress in the width direction. They attached the REBCO tape samples to one anvil and 
soldered a copper anvil to the stabilizer substrate facing the REBCO layer side. Moreover, because 
REBCO tapes with electroplated stabilizer have a thin layer of copper located at the edges of the tapes, 
they analyzed the effect of the presence of copper stabilizer at the edges, as well as the area where the 
shearing is applied. Their results showed that shear strength of SCS4050 YBCO tapes have an average 
strength of 4.9 MPa and 6.8 MPa at room temperature and 77 K respectively for the case of the tapes 
having un-slit edges and applied-shear area of 8×4 mm2. According to the numerical analysis results 
from chapter 3, these shear strength values are very low, which would mean certain delamination of the 
REBCO tapes at least for the case of the shearing stresses from the electromagnetic forces at the 
operating stage. However, L. Liu et al. also pointed out that the geometry of their experimental setup 
induces a certain moment load to the sample in addition to the shear stress which contributes to the 
failure of the tapes following the equation: 
 𝑀 = 𝐹 ∙ 𝑑 (4.1) 
 
Fig. 4.1. Probability of failure vs transverse tensile strength of REBCO coated conductor wires fabricated by 
MOCVD on IBAD-MgO template using the anvil test and Weibull analysis at (a) room temperature and (b) 
77 K. [76] 
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where 𝑀 is the moment, 𝐹 the tensile load applied to the anvil soldered to the REBCO tape sample, and 
𝑑 is the “moment arm” as defined by L.Liu et al. which is basically the distance between the load 𝐹’s 
axis and the sample’s surface. If 𝑑 is reduced, 𝑀 will also be reduced. 
Therefore, in this section a new experimental investigation to determine the shear strength of 
REBCO tapes is performed using an experimental setup geometry with a reduced value of 𝑑. 
 
4.1 Sample preparation and Experimental setup 
 
Two types of REBCO tapes were used for this study; the FYSC-SC05 GdBCO tape manufactured 
by Fujikura ltd. (Japan), and the SCS4050-AP YBCO tape manufactured by SuperPower ltd. Inc. (USA). 
Their characteristics are shown in table 4.1, and the architecture of each tape is shown in Fig. 4.2 
 
Table 4.1. Specifications of the REBCO tapes used for this section. 
Item FYSC-SC05 SCS4050-AP 




Tin (2 μm) 
Silver (5.8 μm) 
GdBCO (2.7 μm) 
Buffer layers (0.435 μm) 
Hastelloy® C-276 (75 μm) 
Copper (2×20 μm×) 
Silver (2 μm) 
YBCO (1 μm) 
Buffer layers (0.2 μm) 
Hastelloy® C-276 (50 μm) 
Silver (2 μm) 
Copper (20 μm) 
Copper Stabilizer Soldered on silver with tin Electro-plated 






Following the suggestions from L. Liu et al. study [77], an experimental setup was designed in order 
to reduce the moment that previously affected their results. Fig. 4.3 depicts the experimental equipment 
used for the shear test of the REBCO tapes shown in table 4.1. Samples were fixed to the stainless steel 
anvil from the Hastelloy®  side using EP138 one-part thermosetting epoxy resin adhesive by 
Cemedine®, which was cured when heating up to 150 °C and keeping that temperature for 30 minutes. 
A brass anvil connected to the upper part was then carefully soldered to the REBCO tape stabilizer 
using a heat gun and wood’s metal alloy (melting point 70 °C).  The temperature of the brass jig was 
measured by inserting a thermocouple in a small hole on one side of the jig. The support part shown in 
the upper illustration of Fig. 4.3 (left) is an aluminum support used to apply pressure to the brass anvil 
when the solder is melted and then, the bolt connecting the aluminum support to the stainless steel anvil 
is then untightened when the solder was solidified and cooled down.  
 
 





After assembling the sample, the whole test section is inserted in the cryostat and the current leads 
are connected as shown in Fig. 4.4. After this, the cryostat is filled with liquid nitrogen. Because all 
parts from the test section will experience thermal contraction, the stepper motor is controlled manually 
while keeping track of the pre-load measured by the digital load cell when the cryostat is being filled 
with liquid nitrogen. This is to ensure that excessive pre-load is not applied to the sample before starting 
the experiment. After the test section is completely covered and cooled down to 77 K, the stepper motor 
drive is turned off in order to avoid noise, and then direct current is applied to the sample.  
 
 
Fig. 4.3. Experimental setup for shear test along the width direction of REBCO tapes (left), and a 





The critical current of the sample was measured using voltage taps and the 1 μVcm-1 criterion. Then, 
tensile load was applied with the stepping motor with constant velocity of 4 rpm which corresponded 
to a speed approximately of 5 μm/sec, while a constant current of 90 A was applied to the SuperPower 
ltd.’s REBCO tapes and 200 A for the Fujikura’s samples. There are several parameters measured 
during the test to apply shear stress to a single sample. Fig. 4.5 shows the connection diagram between 
the test section and the data acquisition devices. The tensile load applied by the stepper motor is 
measured using a UMM1-T1 load cell by Minebea Mitsumi ltd. which is connected to an Omron® 
K3HBVLC100240VAC weighing indicator. The voltage signal obtained at the weighing indicator is 
measured using a Keithley® digital multimeter. This voltage signal is converted to load units using the 
data acquisition program (LabVIEW). At the same time, the voltage across the REBCO tape where the 
brass jig is soldered is also measured with the same digital multimeter as well as the applied current 
(connection not shown in Fig. 4.5) where the voltage drop across the shunt resistance is used to calculate 
the amount of current being applied. The voltage and the applied load are measured at the same time 










4.2 Experimental results 
 
In total 24 shear tests were performed using SuperPower ltd. SCS4050-AP tapes, and 7 for the case 
of Fujikura ltd. FYSC-SC05 tapes. Data obtained from three different shear tests of the SCS4050-AP 
tape is shown in Fig.4.6, where the measured tensile load divided by the area under stress of 
(8 mm × 4 mm) is plotted on the vertical axis, and the test machine displacement estimated using the 
sampling rate and the motor speed is plotted on the horizontal axis. The test number “#” correspond to 
the chronological order on which the test was performed.  As it can be observed on the data obtained 
from test #5, test #11 and test #17, once a peak tensile load is reached, the REBCO tape fractures and 
the voltage increases. However, for the case of test #9, the reason why no voltage increase can be seen 
is because for that test the solder by which the brass anvil is attached to the REBCO tape fractured 
instead. Additionally, there is large variation in the maximum applied shear measured for each of these 
samples; the measured shear strength can vary from very high 89.48 MPa (test #17), down to 13.18 MPa 
(test #5).  
 
 





On the other hand, data obtained from two different shear tests of the Fujikura ltd. FYSC-SC05 tape 
is shown in Fig.4.7. As it can be observed from test #1, voltage increases right after the maximum shear 
load is observed. Conversely, the data from test #2 displays an increase in voltage before maximum 
shear is applied. This is may be due to fracture of the GdBCO layer starting to form before maximum 
shear is reached. Therefore, for this study the shear strength value for the FYSC-SC05 tapes 









Fig.4.8 shows the results for the shear test of both the Fujikura’s GdBCO tape and the 
SuperPower ltd.’s YBCO tape. The vertical axis shows the shear strength and the horizontal axis the 
soldered area in which shear was applied. The maximum shear strength is defined as the value of the 
tensile load divided by the soldered area at which the voltage measured across the soldered area starts 
increasing. For the case of the SuperPower ltd.’s YBCO tapes with electro-plated stabilizer, 24 samples 
were tested, and the delamination strength ranged from 4 to 99 MPa with an average of 42.45 MPa. 
However, large data scattering was observed, which is common also in transverse delamination strength 
studies related with REBCO tapes already mentioned at the beginning of Chapter 4.  
On the other hand, for the case of the Fujikura’s GdBCO tapes with soldered stabilizer, 7 samples 
were tested, and the shear strength ranged from 1 to 23 MPa with an average of 8 MPa, which is small 
compared to the YBCO tapes with electro-plated stabilizer, and there was also some scattering in the 
results. This might be related with the fact that the edges of the tape are uncovered, which is the opposite 
for the case of electro-plated stabilizer REBCO tapes, where there is a ~20 μm thick Cu layer covering 
the edges. Furthermore, by examining the laser scanning microscope (LSM) image taken for the 
SuperPower ltd.’s YBCO tapes enclosed by the dotted circle in Fig. 4.8, it was revealed that the traces 
of black-colored REBCO layer were almost absent. A similar pattern was observed for the case of the 
Fujikura’s GdBCO tapes (LSM image on the lower right corner of Fig. 4.8). Therefore, it can be 
concluded that REBCO tapes under shear stress along the width direction will fracture at the 
REBCO/Buffer interface. Conversely, some samples like the one enclosed with the solid circle, failed 









4.3 Introduction to the two-parameter Weibull distribution 
 
The unpredictability of the failure of the YBCO tapes is related to the tapes being layered 
composites. In order to assess the shear strength reliability of the YBCO tapes, we need a statistical 
analysis. The Weibull distribution is a continuous probability distribution which is very popular for 
analysis of reliability of materials used in the industry because of its flexibility which allows the 
engineer to find the best distribution that fits a particular set of data. The flexibility of the Weibull 
distribution rely on its two parameters; 𝛽 which is called the shape parameter and  the scale parameter. 
By changing these parameters, several families of distribution can be obtained, making Weibull 
distribution a family of probability distributions. The cumulative distribution function (CDF) 𝐹(𝑥) and 
probability density function (PDF) 𝑓(𝑥) for the two parameter Weibull distribution are: 
 

























where 𝑅(𝑥) is the reliability function of a particular value 𝑥. Fig. 4.9 shows the plotting of the CDF and 
the PDF respectively for different values of 𝛽 while maintain the scale parameter  equal to 1. By taking 
a look at the PDF function curve for 𝛽 = 0.5, the probability density tends to infinity for very smalls 
values of 𝑥. If we think of 𝑥 as the maximum applied mechanical load to a certain sample, having a 
value 𝛽 < 1 for a data set obtained from several tests can be interpreted as “infant mortality”, i.e. there 
is a higher occurrence of failures at low load values and too few samples managed to reach higher 
strength values.  
Moreover, because the PDF for 𝛽 = 0.5 is “skewed left”, the mean of the distribution would not 
coincide with the mode (the peak of the PDF curve) unlike in the case of normal distributions. Therefore, 
one cannot use the average or mean value obtained from the data set as a typical representative value 
[78]. Moreover, when 𝛽 is close to or equal to 1, the PDF takes the form of an exponential distribution 
and this could mean that the samples from the data set fail randomly, and therefore it cannot be used to 
determine at which load range the material will not fail. Finally, for the case of 𝛽 > 1, the PDF tends 
to get closer to a normal distribution and therefore, i.e. the mode and the mean get closer, and therefore 
it can be interpreted that the probability of failure at a certain load 𝑥 is small for low load values until 
the slope of the CDF suddenly increases as it can be observed in Fig. 4.9 for 𝛽 = 4.5. In other words, 





Fig. 4.9. Two-parameter Weibull cumulative distribution function and probability density function 
curves for various values of 𝛽 while maintaining  equal to 1. 
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Another useful tool that the two-parameter Weibull distribution offers for interpreting the various 
distribution curves is the quantity called the hazard function ℎ(𝑥) which is obtained by dividing the 
PDF 𝑓(𝑥) with the reliability function 𝑅(𝑥). In reliability analysis, the hazard function sometimes 
called the failure rate is used to model the chance of failure as a function of a particular variable 𝑥 which 
often takes the value of time. Moreover, the hazard function is also the conditional probability that a 
sample may fail at a certain value of 𝑥 given that it hasn’t failed previous to 𝑥 [79]. Fig. 4.10 shows the 
hazard function ℎ(𝑥) curves for the respective values of 𝛽 and  used to plot 𝐹(𝑥) and 𝑓(𝑥) in Fig. 4.6. 
It should be noted that for 𝛽 equal to 1, the hazard function is constant. This means that the chances of 













Fig. 4.10. Two-parameter Weibull cumulative distribution function and probability density function 
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4.4 Weibull analysis 
 
The main challenge of using the Weibull distribution is finding the values for the shape parameter 
and the scale parameter. The most typical procedure is to use the minimum likelihood estimator method. 
However, due to time constraints, a more direct method was used in this work by first linearizing Eq. 
(4.2) and then using approximated values for 𝐹(𝑥) to make a type quantile-quantile plot (Q-Q plot) 
from which 𝛽 and  can be determined. One of the easiest and most direct methods to approximate 
𝐹(𝑥) is by using the Bernard’s Median Rank (MR) approximation [80] given by the following equation: 
 
 𝐹(𝑥)𝑖 ≈ 𝑀𝑅𝑖 =
𝑀𝑂𝑁𝑖−0.3
𝑁+0.4
,  (4.4) 
 𝑀𝑂𝑁𝑖 = 𝑀𝑂𝑁𝑖−1 + 𝐼𝑖, (4.5) 
 𝐼𝑖 =




where 𝑀𝑅𝑖  is the median rank, 𝑀𝑂𝑁𝑖  is the mean order number, 𝐼𝑖  is the increment, 𝑃𝑀𝑂𝑁 is the 
previous mean order number, 𝑄 is the number of items beyond the present suspended set including all 
the failures and suspensions (censored data), 𝑁  is the sample size and 𝑖  the number of the item 
considered as “failed” and it’s ordered from lowest value to the highest. In this study the suspended that 
is considered to be the results corresponding to any test where: (1) the solder failed instead of the 
REBCO tape; (2) the measured critical current 𝐼c of the tape had decreased ≥25%; or (3) the bolts fixing 
the stainless steel anvil (to which the REBCO tape is attached) to the base part shown in Fig. 4.3 (left).   
The first step of the two-parameter Weibull analysis is to linearize the CDF so that we can plot the 
approximate values of 𝐹(𝑥) determined using Eq. (4.4) and then estimate 𝛽 and . By taking a double 
natural logarithm on both sides of Eq. (4.2), we can then rearrange the equation to take the linear form: 
 
 ln (ln (
1
1 − 𝐹(𝑥)
)) = 𝛽 ln(𝑥) − 𝛽 ln( ) (4.7) 
 
Next, the data set has to be ordered from the test that measured the lowest tape strength value to the 
test where the highest tape strength was observed. All results from the shear test of Superpower 
SCS4050-AP tapes shown in Fig. 4.8 are ordered in Appendix: Table A.1. The test number on the left 
column corresponds to the order the test was done chronologically.  
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The tests that have a “repeated” written in parentheses are tests that were performed again using the 
same REBCO tape that was used on the previous test. This is because on the previous test, the solder 
used to attach the brass jig failed instead of the REBCO tape. Therefore the brass jig was soldered again 
and the test was repeated. Additionally, test #24 had the bolts that joined the stainless steel anvil shown 
in Fig. 4.3 (left) to the fixed base where not properly tightened. Therefore this result is considered as 
suspended data for the estimation of 𝑀𝑅𝑖. 
Now the following step is the calculation of the increment of the mean order number 𝐼𝑖 using Eq. 
(4.6), and the mean order number 𝑀𝑂𝑁𝑖. To illustrate how this method works, let’s start with item #8 
which is 27.27 MPa. Then 𝑀𝑂𝑁8−1 is equal to the mean order number of item #7 which is equal to 7, 
𝑁 is equal to 24 and 𝑄 represents the number of remaining items after a suspended data is encountered. 
Because there are no suspended data before item #8, 𝑄 is equal to 17. Therefore 𝐼1 is equal to 1 and 
𝑀𝑂𝑁8 is equal to 8. Now because item #9 is considered as suspended data due to the fact that the 
experimental conditions where different from the rest of the tests, it brings an uncertainty to whether 
this result is acceptable or not, the mean order number for item #10 has to be adjusted in order to 
accommodate for the suspended data. Thus, 𝑄 corresponding to item #10 is equal to 15 and not 16 
because we are considering item #9 as suspended. This gives an increment I9 = (24+1-
MON8) / (1+15) = 1.0625. This way we can obtain all the median rank values of each item in the data 
set and then plot them against their respective strength values. Appendix: Table A.2 shows all the results 
for Ii, MONi and MRi  for each item excluding item #9 and rearranging.   
By substituting 𝑀𝑅𝑖 by 𝐹(𝑥) in Eq. (4.5) and plotting it against 𝑥 which in this case is the shear 
strength value of each item on Appendix: Table A.2, we obtain the following Weibull plot shown in 
Fig. 4.11. The shape parameter 𝛽 is equal to 1.1934 and the scale parameter  can be estimated from 
the vertical axis intercept value, which gives us 67.052. Now, that the shape and scale parameters are 
estimated, the CDF can be plotted and estimate the probability of failure of the SuperPower ltd. 
SCS4050-AP tapes. Fig. 4.12 shows the CDF curve as well as each experimental result using Bernard’s 
MR approximation. Since 𝛽 has a value close to 1, it is clear that the CDF curve takes the shape close 
to that of an exponential distribution, and because the data using Bernard’s MR approximation doesn’t 








Conversely, according to [81] the failure data on the Weibull plot (Fig. 4.11) should fit a straight 
line when plotted. However, if there is curved data in the Weibull plot such as in the case of the data 
shown in Fig. 4.11, the analysis indicates that there is a mixture of failure modes. One way to address 
mixed-failure mode is by selecting the sample group of interest and perform the Weibull analysis while 
treating the rest of the samples as suspended data just like it was done for item #9 from Appendix: Table 
A.2.  
 
Fig. 4.11. Weibull plot using Eq. (4.7) where 𝐹(𝑥) equals to Bernard’s MR approximation for the data 
corresponding to Appendix: Table A.2. 
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In order to determine which one is the sample group that effectively corresponds to the samples that 
failed in shear, a visual inspection of the state the samples are after their respective shear tests can give 
light into which data can be considered as suspended. As it was explained in section 4.2 that because 
some samples failed partially or the solder failed instead of the REBCO tape, a visual inspection was 
done to choose the data that corresponded to these characteristics as suspended. These results are 
marked with an “x” in Fig. 4.13 and Appendix: Table A.3 shows the same results ordered and with the 
description of the state of each sample after the test was performed. Additionally, item #11 from 
Appendix: Table A.3 is marked with a red circle because this REBCO tape’s critical current 𝐼c was 
reduced on a previous test on which the solder failed instead of the REBCO tape. 
Now that the suspended data has been determined, a new two-parameter Weibull analysis can be 
performed on the remaining data. The results from Bernard’s MR approximation are displayed in 





Fig. 4.13. Cumulative distribution curve using the data from Appendix: Table A.3, and 𝛽=1.1934; 





After this second Weibull analysis, even though the suspended data was taken into account, the 
shape parameter 𝛽 is ≅ 1, so the PDF of the data is almost exponential. Therefore, according to [81], 
there is still a mixed failure tendency present in the results. In this case, it is necessary to make an 
assumption; by looking at the Weibull plot from Fig. 4.14, samples with shear strength ≤30MPa seem 
to form one group while samples with shear strength values that fall between 50 and 95 MPa form 
another group. Thus, the hypothesis is that samples that failed at apparent shear load values ≤30MPa 
failed in one particular mode while the rest of the samples that failed with shear load values higher than 
50 MPa correspond another mode. As a result, two separate two-parameter Weibull analyses are 
necessary. 
The third and fourth Weibull analyses will consider all suspended data from the previous analysis 
and will add the data with apparent shear strength values >50 MPa to the “suspended” data for the case 
of “Group 1” and <30MPa for the case of “Group 2”. In this manner, the results from Bernard’s MR 
approximation obtained for “Group 1” are shown on Appendix: Table A.5 and for “Group 2” on 
Appendix: Table A.6. The corresponding Weibull plots for each group is shown in Fig. 4.15 with their 
respective trendline equations. Group 1 has a shape parameter value 𝛽 of 1.2186 and scale parameter  
equal to 63.08, whereas for Group 2 the value of 𝛽 is ≅4.84 and ≅ 94.71. Now the results from this 
experiment are divided into two groups where the failure mechanism makes the difference. Finally, the 
CDF for each group are plotted in Fig. 4.16.  
 
 
Fig. 4.14. Weibull plot using Eq. (4.7) where F(x) equals to Bernard’s MR approximation for the data 
corresponding to Appendix: Table A.4. 




























Both groups fit into their respective CDFs, meaning that results with apparent shear strength <30 
MPa (Group 1) have more chance to fail at low stress values compared to those from Group 2. This can 
be interpreted clearer using the hazard function ℎ(𝑥) for each group respectively. Fig. 4.17 shows these 
 
Fig. 4.15. Weibull plot using Eq. (4.7) where F(x) equals to Bernard’s MR approximation for the data 
corresponding to Appendix: Table A.5 & Table A.6 
y = 1.2186ln(x) - 5.0082
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Fig. 4.16 Cumulative distribution curves for two Weibull analyses corresponding to the data from 
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curves were it can be clearly observed that the chances of failure for the case of Group 1 increase sharply 
and then tends to reduce towards a constant value. Likewise, for the case of Group 2, the chances of 
failure are low compared to the samples from Group 1 between 0 MPa and 60 MPa. From this point 
after, the chances of failure for Group 2 are higher than Group 1 and keep increasing. 
The remaining challenge is to determine the reason why two different group of results were obtained 
in order to classify the type of failure mechanism that governed each group. For this study, the numerical 













Fig. 4.17. Hazard functions estimated using the values of 𝛽 and  corresponding to “Group 1” and 
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4.5 FEA model 
 
In order to search for a clue on what are the failure mechanism governing Group 1 and Group 2, a 
numerical analysis using a finite element model was performed. The FEA software used in this model 
is COMSOL Multiphysics. Fig. 4.18 shows the 3D model used displaying the meshed domains. 
Moreover, the mechanical properties of each material are displayed in table 4.1.  
 
Table 4.1. Mechanical properties of materials selected for the FEA. 
Material Young modulus (GPa) Poisson’s ratio 
Stainless steel 200 0.3 
CuZn (navy brass)@76 K 102.4 [82] 0.2 
Wood’s metal 12.7 0.3 










By applying a certain prescribed displacement, the FEM can estimate the resulting stress distribution 
at the area where shear is applied. The results from the simulation is shown in Fig. 4.19 where the 
displacement field in “μm” in the z direction. The deformation displayed in this figure is non-scaled. 
Furthermore, the results for the stress distribution of the YZ component of the shear tensor across the 
area of the REBCO tape under shear are shown in Fig. 4.20 (a), and the Y component of the stress tensor 
in Fig. 4.20 (b).  As it can be observed, by plotting the normal and shear components of the traction 
forces (red and blue arrows, respectively), it is clear that there is a combination of shear stress, 





Fig. 4.19. Displacement field in the z direction of the experiment after applying a certain displacement.  
 




The FEA results from Fig. 4.20 (a) shows that the shear stress across the width of the REBCO tape 
was actually non-uniform, where the stress was highest towards the upper edge of the tape. Moreover, 
Fig. 4.20 (b) shows that there was also a stress component in the Y direction which is normal to the 
REBCO tape surface. This means that the geometry of the experimental setup induced a certain moment 
with rotation about the x axis at the bolted joint between the brass anvil and the “T-shaped” stainless 
steel anvil, and at the region with area (8 mm×4 mm) where shear is applied. These results suggest that 
there was compression in the area where shear stress was highest, and then the transverse stress is 
inverted to tension where shear stress is lowest when moving in the width direction from one edge of 
the REBCO tape to the next. Furthermore, by using point probes in the FEM as shown in Fig. 4.21, the 
magnitude change of the local YZ and Y components of the stress tensor can be plotted while the 






Fig. 4.21. Illustration showing point probes 1 and 2 used in the FEM to measure the local Y and YZ 
stress tensor components. 
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The results obtained from the point probes are plotted in Fig. 4.22 where the vertical axis corresponds 
to the local Y component of the stress tensor, and the horizontal axis corresponds to the local YZ shear 
stress component. As it can be observed, as the shear stress increases, the transverse stress also increases 
both in compression (probe 1) and in tension (probe 2). Moreover, the results suggest that the failure 
initiation may have started at the area where probe 2 is located since transverse tensile stress is high. 
On the other hand, shear stress is higher while transverse compressive stress is applied at the area where 
probe 1 is located. Therefore, it is difficult to determine where failure initiation was located.  
On the other hand, these results suggest the hypothesis that the results obtained from the shear test 
in section 4.2 corresponding to “Group 2” plotted in Fig. 4.16, showed high apparent shear strength 
because of the compressive stress component. Therefore, in order to test this hypothesis, a shear test to 
determine change in shear strength of the REBCO tapes while applying a controlled transverse stress is 
necessary. Conversely, there is the hypothesis REBCO tape samples that failed at low shear stress 
(<30 MPa) corresponding to “Group 1”, exhibited a different failure mode due to an external stress 







Fig. 4.22. Results from the FEM showing local stress measured by point probes 1 and 2 to measure the 




Apparent shear strength of lap joints of REBCO 
tapes 
 
After having described the scenarios in which lap joints could be potentially at risk of suffer damage, 
it is clear that the next task is to evaluate whether these lap joints are mechanically strong enough against 
the shearing stresses estimated in Chapter 3. For this, a tensile shear test is performed using single lap 
joints of REBCO conductors fabricated using different methods and materials in order to select which 
option is the best. Next, with the experimental results, a description of the electromechanical behavior 
of the lap joints is done by analyzing the failure mechanism and key parameters related to the strength 
of the lap joints. Finally, a discussion of the applicability of the joints is presented based on the 
experimental results. 
 
5.1 Tensile shear test of single lap joints of REBCO tapes 
 
This section focuses on the clarification and comparison of the shear strength, joint resistance and 
failure mechanisms of single lap joints of REBCO tapes fabricated with different procedures and using 
different solder alloys, respectively. Based on the results, the suitable combination of joint method and 
REBCO tape's structure for the coil design from a view point of the mechanical behavior is discussed. 
Before entering this section, some important concepts must be defined first; the term contact surface 
will be used to refer to the surface of the Cu stabilizer of each REBCO tape. The term joining pressure 
will be used to refer to the pressure applied to the joint in order to fabricate the sample, and contact 
pressure term will be used when referring to the external pressure applied to the joint during the tensile 
test to apply shear stress to the mechanical lap joint samples.  
The main experiment performed in this study is the tensile test in order to apply in-plane shear stress 
to the single lap joint of REBCO coated conductors to evaluate the strength of the joint with respect to 
certain parameters such as joint resistance, contact pressure and contact conductivity. REBCO tapes 
were reinforced with AISI 304 stainless steel plates of 0.8 mm thickness by attaching them to the 
substrate side of the tapes to avoid irreversible strain irr of the REBCO tapes and reduce peeling stress 
induced by the bending moment described in Chapter 2 section 2.5.  
The experiment consists on applying longitudinal tensile load to a single lap joint sample until 
maximum tensile load is reached and the sample fails, followed by fracture and sliding until the 
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experiment is finished. Change in the voltage drop across the joint is also measured during the 
experiment.   
 
5.1.1 Sample Fabrication 
 
As it was mentioned in Chapter 2 section 2.2, the irreversible strain ( irr) of a superconducting wire 
is defined as the strain at which the irreversible degradation of 𝐽C by more than 1% of its initial value 
was first observed [54]. Moreover, for the case of the Fujikura FYSC-SC05 GdBCO coated conductors, 
uniaxial irreversible tensile strain was found to be 0.55% and for the case of SuperPower ltd.’s YBCO 
tapes is 0.6% [75]. In the fundamental evaluation of tensile characteristics of the mechanical lap joint 
between REBCO tapes [39], the irreversible strain of the GdBCO tapes was reached for samples where 
the contact pressure was applied with a jig, as can be observed in Fig. 5.1 where the potential difference 
measured across the joint section started increasing of tensile load values lower than the maximum 
tensile load measured, which is accounted as the load where the joint failed. Moreover, Fig. 5.2 shows 
typical results in the case of applied contact pressure of 50 MPa. In this case, the voltage drop measured 
across the joint section started increasing before reaching the maximum tensile load due to the 
irreversible strain of the GdBCO tapes.  
Evaluation of the change in voltage drop across the joint section is important because it allows for 
more accurate determination of the maximum tensile load right before failure occurs and the joint starts 
sliding. It is also important for describing the influence of the failure mechanism of the joint on the 
change in joint resistance. Especially for the cases where contact pressure is applied during the tensile 
shear test. This is because the currently proposed mechanical joint design [31] is intended to have 
contact pressure provided by the external jacket of the STARS cable. Observation of the change in joint 
resistance under such conditions is required to judge the mechanical joint’s applicability for the design. 








As it was explained above, during the tensile test to apply shear stress to the mechanical lap joint of 
REBCO tapes, it was observed that the longitudinal elastic strain of the GdBCO tapes used in the 
fundamental study [39] reached values of irreversible strain, and this was observed as an increase in the 
potential difference across the joint section. This can be avoided if the cross-section of the REBCO 
tapes is increased so that the tensile stress acting on the tapes is reduced, and the Young’s Modulus of 
the tape is improved. This would help avoiding strain values close to that of the irreversible strain of 
Fujikura FYSC-SC05 series GdBCO tapes.  
At the same time, a bending moment generated by the eccentricity of the tensile loads will try to 
rotate the joint section. This rotation will generate peeling stresses that will contribute to the failure of 
the joint. Moreover, it is important to consider the fact that the bridge-type mechanical lap joint design 
 
 
Fig. 5.1. Maximum tensile load and the load where the voltage started increasing as a function of joint 
pressure [39].  
 
Fig. 5.2.Typical results in the tensile test in the case of a joint pressure of 50 MPa [39]. 
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[31] features copper and stainless steel jackets placed over the joint region and soldered to complete the 
whole assembly. Because the tapes are stacked on top of each other, and because the jackets are present, 
there is actually no room for displacement of the REBCO tapes in the direction normal to the overlap 
area. Thus, it can be concluded that peeling stresses at the joint section due to bending moment and 
rotation of the joint section would not have significant influence over the stress state of the lap joint. 
Moreover, according to the multiscale structural analysis [36][38][39], the direction of the shear stress,  
produced by electromagnetic forces induced during operating stage, is actually parallel to the width 
direction of the stacked REBCO tapes, not the longitudinal direction of the stack.  
Taking into account the above mentioned, there is an interest in improving the test equipment and 
sample fabrication for the tensile test to apply shear stress to the single mechanical lap joint so that it 
approximately reproduces the same conditions as in the case of the bridge-type mechanical lap joint 
using STARS conductors, [30][31][32][33] and [34]. One solution is to reinforce the GdBCO tapes 
using a material with high Young’s modulus.  
Using the results from the fundamental study of tensile characteristics of REBCO tapes [39], an 
estimation of the strain using typical engineering stress and strain equations (Hooke’s law) for a 
Fujikura FYSC-SC05 GdBCO tape with a 0.8 mm thickness stainless steel bar attached to it. First, the 
Young’s modulus for the reinforced REBCO tape must be calculated. For this we need to apply the rule 
of mixtures; this general rule is a weighted mean used to predict various properties of a composite 
material. In general, for a certain material property, namely Young’s modulus, the rule of mixtures 
states that the effective Young’s modulus 𝐸eff
∥
 in the direction parallel to the fibers of the composite 
material may be as high as  
 𝐸eff
∥ = 𝑓𝐸f + (1 − 𝑓)𝐸m (5.1) 
 
where 𝐸f is the material property of the fiber, 𝐸m is the material property of the matrix containing the 
fibers, and 𝑓 is the cross-section area fraction of the fiber.  







where 𝑉f and 𝑉m are the volume corresponding to the fibers and the matrix, respectively.  
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For the case of a single Fujikura FYSC-SC05 GdBCO tape, the fiber would be the layer with the 
smallest cross-section area. Structure specifications for the Fujikura FYSC-SC05 GdBCO tape used in 
the fundamental study [39] are shown in table 5.1.  
 
Table 5.1. Structure of the Fujikura ltd. FYSC-SC05 coated conductor used in [39] 
Layer Thickness 
Copper (OFHC) 100 μm 
Ag 6.4 μm 
GdBCO 2 μm 
Buffer layers 
CeO2 (0.5 μm) 
Al2O3 (100 nm) 
Y2O3 (30 nm) 
MgO (5 nm) 
Substrate Hastelloy® C-276 (100 μm) 
irr (%) (uniaxial tensile) 0.53 
 
Furthermore, the layers with very thin thickness such as the buffer layers, REBCO layer and Ag 
layer are not taken into account for this calculation. The Young’s modulus for oxygen-free copper 
(OFHC) and Hastelloy® C-276 at 77 K are 132 GPa [83] and 209 GPa [40], respectively. The cross-
sectional area for the copper and Hastelloy® is equal to 0.5 mm2. Therefore 𝑓 has a value of 0.5. Thus, 
by using Eq. (5.1), 𝑓 and the value of Young’s modulus of each the OFHC layer and the Hastelloy® 
layer, we obtain an effective Young’s modulus 𝐸eff
Fujikura
 for the equal to 170.5 GPa for the Fujikura ltd. 
FYSC-SC05 tape. 
The same calculation is repeated for the reinforced tape; the cross-sectional area of the AISI 304 
stainless steel bar and the Fujikura ltd. FYSC-SC05 tape is 4 mm2 and 1 mm2, respectively, and the 
AISI 304 SS Young’s modulus is 214 GPa at 77 K [40]. Assuming the FYSC-SC05 tape as the fiber, 𝑓 
is equal to 0.2. Using Eq. (5.1), the effective Young’s modulus for the reinforced tape 𝐸eff 
Reinforced is 
205 GPa.  






Reinforced ∙  (5.3) 
 
where 𝜎, 𝑃, 𝑆, and  are the axial stress in “MPa”, the applied load in “N”, the cross-section area equal 
to 5 mm2, and the strain, respectively. Hooke’s law is applicable since irreversible strain occurs at a 
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tensile stress value lower than the yield strength measured for the Fujikura FYSC-SC05 GdBCO tape 
(787 MPa). We calculate the equivalent strain value of the reinforced of the Fujikura ltd. FYSC-SC05 
tape assuming that 𝑃 = 550 N, which corresponds to the tensile load where potential difference across 
the joint section started increasing (Fig. 5.1). The equivalent strain for the reinforced of the Fujikura ltd. 
FYSC-SC05 tape is 0.0536%. This strain values is about ten times smaller than irr = 0.55% [54]. 
Therefore, REBCO tapes reinforced with AISI 304 SS should avoid irreversible strain by a large range.  
The following is the explanation of how the REBCO tapes used in this section were attached to the 
stainless steel plates. The REBCO tapes used during this study where the SuperPower ltd. SCS4050-
AP YBCO tapes, and the Fujikura ltd. FYSC-SC50 GdBCO tapes shown in table 5.2 with their 
respective specifications. 
 
Table 5.2. Specifications of the REBCO tapes used for this section. 
Item FYSC-SC05 SCS4050-AP 
Width 5 mm 4 mm 
Architecture (thickness) 
Copper (75μm) 
Tin (2 μm) 
Silver (5.8 μm) 
GdBCO (2.7 μm) 
Buffer layers  
(0.435 μm) 
Hastelloy® C-276  
(75 μm) 
Copper (20 μm×2) 
Silver (2 μm) 
YBCO (1 μm) 
Buffer layers  
(0.2 μm) 
Hastelloy® C-276  
(50 μm) 
Silver (2 μm) 
Copper (20 μm) 
Copper Stabilizer Soldered on silver with tin Electro-plated 
Critical current 250 A at 77 K, self-field 91 A at 77 K, self-field 
 
AISI 304 stainless steel (SS) bars of length 55 mm, width 5 mm and thickness 8 mm were attached 
to the substrate side of the REBCO tapes using heat-curing-type phenolic adhesive resin or Cemedine® 






 To attach the SS bars, the stabilizer surface of the REBCO tapes (substrate side) were brushed using 
400# sand paper and then cleaned with ethanol. Next, the epoxy resin was applied to the surface of the 
stainless steel bar on which the REBCO tape is going to be attached. The REBCO tapes are placed over 
the SS bars as shown in Fig. 5.4 and a pressure between 150 to 300 kPa is applied using copper plates 
and bolts shown in Fig. 5.4 option (a), in order to remove excessive adhesive content and to remove the 
trapped air. Then, the whole set-up is inserted in an oven where the tapes are heated up to 120 °C for 
30 mins, and then 150 °C for 20 mins in order to fully cure the epoxy resin. Using option (b) can allow 
for several reinforced REBCO tapes can be fabricated at the same time.  
Finally, Fig. 5.5 shows a picture taken with a laser microscope which shows the cross section of a 































Fig. 5.5. Laser microscope photograph of a Fujikura FYSC-SC05 coated conductor attached to an AISI 
304 stainless steel bar.  
107 
 
Indium lap joint sample fabrication 
 
Indium-bonded lap joints with 5 mm overlap length were fabricated following three different 
procedures: the first procedure consist in rubbing the stabilizer of each REBCO tape with #240 
sandpaper followed by cleaning with ethanol. Then overlapping the tapes with a 100 μm thick indium 
foil inserted in between, and then applying 100 MPa joint pressure by tightening the jig’s bolts shown 
in Fig. 5.6 with a torque wrench.  







where 𝐾t  and 𝑑  are the torque coefficient and nominal diameter of the bolts. Although the torque 
coefficient depends on the environment at the time of engagement, generally a value of 0.14 to 0.26 is 
used [84]. The relationship between the desired joining pressure and the torque necessary to apply it is 









where 𝑆joint is the joint area equal to 25 mm
2 (the joint area for the case of SCS4050-AP tapes is 




Fig. 5.6 Joint fabrication using a jig to apply pressure.   
108 
 
After fabrication of the indium lap joint samples, these are removed from the jig in order to attach 
Nitoflon® 903UL PTFE tapes to the contact faces of the upper and lower jig parts and to the AISI 304 
SUS side of each reinforced REBCO tapes in order to reduce the friction force contribution from the 
jig itself, which would otherwise interfere with the determination of the maximum shear strength of the 
joint. After doing this, the samples are placed in the jig again to apply the desired contact pressure 
required for the experimental evaluation. 
The second fabrication method was the improved indium la joint fabrication proposed by T. Nishio 
et al. [86] which is illustrated in Fig. 5.7. The bake-out was only for the REBCO tapes, done at 150 °C 
in vacuum condition (100-1000 Pa) for 30 minutes before fabricating the indium lap joint. The bake-
out is to outgas the H2O absorbed by the surface of the REBCO tape when rubbing the stabilizer surface 
with sandpaper in wet to remove the oxide film. Then, after the joining process described above, the 
indium lap joint sample was heated up to 90 °C for 30 minutes inside an oven to increase the real contact 
area between indium and the stabilizer, resulting in decrease in joint resistance. Joint pressure was then 
released after the sample fabrication.  
 The third fabrication method consisted in coating the REBCO tape stabilizer with indium and then 
pressing them together. This method is based on the idea that by coating the tapes, we can solve the 
technical issue of placing with accuracy the smooth indium foils when fabricating the coils. Sample 
fabrication started by first rubbing the tapes with sandpaper, then cleaning with ethanol and baking out 
the REBCO tapes after. Then solder flux was applied to the stabilizer surface and a 50 μm thick indium 
foil was placed over the stabilizer. The reinforced tapes were placed over a hot plate at 165 °C to melt 







Fig. 5.7. Indium-bonded lap joint sample fabrication using bake-out process and heat treatment [86]. 
109 
 
However when indium starts melting, it spreads in an uneven way as shown in Fig. 5.8. Therefore, 
the coated indium surface of each REBCO tape was cleaned with flux to remove the oxide and then 
cleaned with ethanol before pressing the tapes together in the same manner as the one described in the 
first procedure, and then the samples were heated up to 90 °C for 30 mins just like in the second 
procedure in order for the indium to soft and distribute uniformly across the lap joint area. 
It has to be noticed that for the case of the Fujikura GdBCO tapes the third step shown in Fig. 5.9 
from the third fabrication method (In-coated REBCO tapes pressured and heated) was not done. Fig. 
5.10 shows schematic illustration of joint section of a single indium-bonded lap joint sample including 




















Fig. 5.9 Joint fabrication method where the surface of each REBCO tape is coated with indium and then 
pressure is applied to complete the joining.  
 
Fig. 5.10. Illustration of the joint section of a single mechanical lap joint sample. The PTFE tapes are 
attached to both the jig contact faces and the joint sample’s stainless steel bar faces.  
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Soldered lap joint sample fabrication 
 
For the case of the soldered lap joint samples with overlapped length 5 mm, two solder alloys were 
used: the indium-tin solder alloy In52Sn48 (melting point: 118 °C, resistivity: 12.510
-8 Ωm at 77 K) and 
the lead-tin solder alloy Pb37Sn63 (melting point: 183 °C, resistivity: 2.8410
-8 Ωm at 77 K). Each sample 
was fabricated following the next procedure: REBCO tape stabilizers were rubbed with sandpaper, then 
after cleaning the surface with ethanol, after that solder flux was added. The tapes were placed in the 
jig along with a solder ribbon placed in between the tapes. Then, samples were heated up with the hot 
plate as shown in Fig. 5.11 and, after the solder melted, small joint pressure (~10 MPa) was applied by 
tightening the jig’s bolts.  
 All samples fabricated for this section are organized into sample groups according to their 









Fig. 5.11. Illustration of the joint section of a single mechanical lap joint sample. The PTFE tapes are 
attached to both the jig contact faces and the joint sample’s stainless steel bar faces.  
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Table 5.3. List of single lap joint sample groups organized depending on the REBCO tape used and the 
fabrication procedure. 
Sample Group REBCO tape 
Bake-out & heat 
treatment 
Pre-coating Sand-paper 
F-ILJ1 FYSC-SC05 ̶ ̶ #240 
F-ILJ2 FYSC-SC05  ̶ #240 
F-ILJ3 FYSC-SC05 ̶  #240 
SP-ILJ1 SCS4050-AP ̶ ̶ #240 
SP-ILJ2 SCS4050-AP  ̶ #240 
SP-ILJ3 SCS4050-AP   #240 
Sample Group REBCO tape Solder Solder temp. Sand-paper 
F-SLJ1 FYSC-SC05 
In52Sn48 135 °C 
#240 
SP-SLJ1 SCS4050-AP #1500 
F-SLJ2 FYSC-SC05 
Pb37Sn63 230 °C 
#240 
SP-SLJ2 SCS4050-AP #1500 
F-ILJi: Indium lap joint with Fujikura tapes, F-SLJi: Soldered lap joints with Fujikura tapes, SP-ILJi: 















5.1.2 Tensile test equipment  
 
Sample holders and installment 
 
For this study, a new tensile test machine was designed so that mechanical lap joint samples can be 
installed in the machine without inducing undesired strain and stresses over the sample before the test 
is performed. In this design the current leads are used to apply the clamping force to the two extremes 
of the sample in order to pull the joint apart. The clamping area of the current lead/sample holder is 
wider than the overlapping area of the lap joint sample in order to ensure that sliding between the 
reinforced REBCO tape and the sample holder does not occur. Fig. 5.12 shows an illustration of a single 
sample holder with a reinforced REBCO tape inserted.  
The procedure to assemble the mechanical lap joint on the tensile test equipment as shown in 
Fig. 5.13 is described as follows: (1) insert the sample on the sample holder along with 50 μm thickness 
indium films placed on both faces of the reinforced REBCO tape to increase friction force, then tighten 
the bolts; (2) place the sample holder inside the upper support and (3) place the current lead and tighten 
the bolts.  
All the pieces conforming the tensile test sample holder equipment are made of AISI 304 SUS, 
except for the current leads. The upper support illustrated in Fig. 5.13 is directly connected to a stepper 
motor that will apply the tensile load through a central shaft that is also connected to a load cell. The 
whole tensile test machine including the stepper motor, load cell and test section is shown in Fig. 5.14.  
Finally, an illustration of the mechanical lap joint sample installed in the test section with the voltage 







Fig. 5.12. Illustration of one of the two sample holders including the current lead and a single GdBCO tape 













Fig. 5.14. Photograph showing the complete tensile test machine including the stepper motor, the digital 







The strain measured by one strain gauge attached to the copper layer of one reinforced REBCO tapes 
should give an equal measurement as a second strain gauge attached to the opposite reinforced REBCO 
tape. Therefore, two three-wire 120 Ω strain gauges can be attached only in one of the two reinforced 
REBCO tapes as shown in Fig. 5.15 with two purposes; 1) by attaching strain gauges to the reinforced 
REBCO tape, we can determine how much the tapes deform with respect to their original length value, 
and also verify if irreversible strain is avoided; 2) One problem with mechanical parts submerged in 
liquid nitrogen is that if there are certain gaps of air between the moving part junctions, this air can turn 
into ice and interfere with the measurements since the machine would start pulling on the frozen parts 
rather than pulling on the sample itself. One can determine when does the machine starts pulling on the 
sample by checking on the strain of the reinforced REBCO tape. At the moment the strain is registered 
it means that at exactly that moment is where the tensile test starts.  
The physical connection for measuring axial deformation of the tape is shown in Fig. 5.16 (left) 
which correspond to the quarter bridge 3-wire with one strain gauge. The terminal code for the data 
logger is shown in Fig. 5.16 (right). The Wheatstone bridge circuit corresponding to this connection 
(Fig. 5.17) is used to measure the voltage change ∆e produced when the resistance from the strain gauge 
changes due to mechanical deformation, producing an unbalance between the gauge resistance and the 
fixed resistance from the other arms of the bridge. Here R1 is the strain gauge resistance value which 
equal to the combination of the gauge resistance before strain applied R0 and the resistance change of 
strain DR1. R is the fixed resistance equal to 2R0 and E the excitation voltage.   
 








Throughout the experiments performed in this section, when measuring strain of the reinforced 
REBCO tapes, strain was measured individually for each strain gauge attached to the REBCO tape 
surface and the SUS plate surface, respectively. Then, the effective tensile strain of the reinforced 




A clip-on gauge fabricated using two copper plate arms and attaching two three-wire 120 Ω strain 
gauges on both faces of each arm in the “half-bridge with two active gauges” as shown in Fig. 5.18 
which allows for cancelation of any tensile strain in order to measure only bending strain. The half-
bridge circuit is shown in Fig. 5.19. 
The clip-on gauge is used to measure the displacement of the whole tensile test section which is 
necessary for analyzing the influence of the failure mechanism of the mechanical joint samples on the 
joint resistance as the joint fails and reinforced REBCO tape start sliding. The clip-on gauge is attached 
to the test section using supports made of acrylic as shown in Fig. 5.20. First, the clip-on gauge is 
 
Fig. 5.16. (Left) Quarter bridge 3-wire with two gauges. (Right) the terminal code for the data logger. [87] 
 
Fig. 5.17. Wheatstone bridge circuit corresponding to quarter bridge 3-wire with one strain gauge. [87] 
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calibrated with a height gage in order to determine how much bending strain equals approx. 1 mm of 
vertical displacement. This calibration is done after inserting the clip-on gauge attached to height gage 
into a liquid nitrogen bath. Next, after performing the tensile shear test, the deflection measured by each 
arm of the clip-on gauge is obtained and the final displacement value is the average between the two 






Fig. 5.18. Clip-on gauge fabricated using two copper plate arms and attaching two three-wire 120 Ω strain 
gauges on both faces of each arm in the “half-bridge with two active gauges”.  
 
Fig. 5.19. (Left) Wheatstone bridge circuit corresponding to half-bridge with two active gauges, and 





Data acquisition devices and connections 
 
There are several parameters measured during the tensile test to apply shear stress to a single sample. 
Fig. 5.21 shows the connection diagram between the test section and the data acquisition devices. The 
tensile load applied by the stepper motor is measured using a UMM1-T1 load cell by Minebea Mitsumi 
ltd. which is connected to an Omron® K3HBVLC100240VAC weighing indicator. The voltage signal 
obtained at the weighing indicator is measured using a Keithley® 2700/E digital multimeter. This 
voltage signal is converted to load units using the data acquisition program (LabVIEW). At the same 
time, the voltage drop across the joint section 𝑉joint is also measured with the same Keithley® digital 
multimeter (or a Keithley® 2182A nanovoltmeter) as well as the applied current (connection not shown 
in Fig. 5.21) where the voltage drop across the shunt resistance is used to calculate the amount of current 
being applied. The voltage drop 𝑉joint and the applied load are measured at the same time. Additionally, 
 
Fig. 5.20. 3D illustration of the tensile test sample placement section showing the clip-on gauge attached 
with the supports made of acrylic.  
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a Kyowa® UCAM550A data logger is used to measure the strain from the clip-on gauge and the strain 
gauges attached to one of the reinforced REBCO tapes. The data logger also monitored the same voltage 
signal from the weighing indicator. All data is recorded using one software for the digital multimeter 
(LabVIEW), and the Kyowa® data acquisition software DCS-100A for the strain gauge data logger.  
Additionally, because two different equipment are used, they must be synchronized in order to obtain 
reliable data. This is done by adjusting the sampling frequency for both equipment to be the same 
(10 Hz). Then, a DC voltage signal generated with an external source (not shown in Fig. 5.21) is 











Fig. 5.21. Connection diagram between the test section and the data acquisition devices.  
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5.1.3 Experimental procedure 
 
After assembling the sample into the test section and connecting all the data acquisition apparatus, 
the whole test section is inserted in the same cryostat shown in Fig.4.4 from Chapter 4. After this, the 
cryostat is filled with liquid nitrogen. Because all parts from the test section will experience thermal 
contraction, the stepper motor is controlled manually while keeping track of the pre-load measured by 
the digital load cell when the cryostat is being filled with liquid nitrogen. This is to ensure that excessive 
pre-load is not applied to the sample before starting the experiment. After the test section is completely 
covered and cooled down to 77 K, the stepper motor drive is turned off in order to avoid noise, and then 
direct current is applied to the sample. The voltage drop 𝑉joint and the current are measured in order to 
obtain the joint resistance of the sample using Ohm’s law. After this, a current of ≤90 A was applied to 
the sample, depending on their critical current value after sample fabrication. The stepper motor is 
adjusted for position change, and the operating speed is adjusted to 4 rpm to apply a constant-velocity 
of approximately of 5 μm/sec, and the tensile load and its amplitude was monitored through the load 
cell.  
 
5.1.4 Test results 
 
In this section, the results for tensile test to apply shear stress to the mechanical lap joint of reinforced 
Fujikura FYSC-SC05 GdBCO tapes and SuperPower ltd. SCS4050-AP are discussed.  
In order to illustrate the process for one test run, the procedure is explained for the case of an indium 
lap joint sample of two reinforced SuperPower ltd. SCS4050-AP tapes, fabricated using 100 MPa 
joining pressure and heat treatment only. The overlap length of this sample was ~6.25 mm. For this 
particular test, the contact pressure was not applied during the test.  
First, the joint resistance value obtained for the same sample discussed above was estimated using 
Ohm’s law and a linear regression method. Before starting the test, the voltage drop is measured while 
the direct current being applied is increase in steps of 5 A. Results are plotted and from the linear 
equation obtained, the joint resistance is estimated. Fig. 5.22 show these results and the value of the 
joint resistance. The typical tensile test run for this sample is shown in Fig. 5.23. The applied tensile 
load applied by the stepper motor, the strain of a single reinforced REBCO tape and the voltage drop 
across the joint region are plotted against the time the tensile test lasted. It can be observed that the 
voltage drop across the joint region starts increasing after the maximum tensile load is reached. 
Moreover, the use of the reinforcing AISI 304 SS bar proves suitable since irreversible strain is 










Fig. 5.22. Estimation of 𝑅joint from measured values of voltage drop across the joint section and the 
applied current. 
 
Fig. 5.23. Typical tensile test results for a single mechanical lap joint of reinforced SuperPower ltd. 
SCS4050-AP YBCO tapes. The measured strain correspond to the average between the strain measured by 
the gauge attached to the REBCO tape surface and the gauge attached to the SUS plate surface. 
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5.1.5 Result post-processing 
 
For the case of the results shown in Fig. 5.23, the maximum tensile load measured by the load cell 
is equal to the apparent strength of the lap joint. However, for the case of the lap joint samples having 
an initial contact pressure using the jig previously introduced in the sample fabrication section (Fig. 5.6) 
and illustrated in Fig. 5.15, it is necessary to take into account the change in contact pressure after 
cooling the sample, as well as the contribution in terms of friction force from the jig used to apply the 
initial contact pressure. Therefore, in this section the post-processing of the raw data from each test is 
explained. 
 
Change in joint pressure: 
 
After obtaining the raw data from the experiment, it has to be taken into consideration the friction 
contribution from the jig in order to estimate the true maximum tensile load. It is also true that there is 
a reduction in the contact pressure due to thermal contraction of all the parts constituting the joint. By 
using a 3D model of the single lap joint sample created with COMSOL Multiphysics FEA software, a 
thermal expansion analysis was performed to evaluate the change in joint pressure when all parts 
contract. Fig. 5.24 shows the 3D model of the single lap joint sample with the jig used to apply contact 
pressure.  
For this model the materials properties for each domain correspond to those of the REBCO tapes, 
stainless steel, indium and PTFE. Furthermore, the model estimated the thermal contraction of each 
material following the same equation for thermal strain th(𝑇) used in Chapter 3, section 3.3, Eq. (3.6), 
where the scant coefficient of thermal expansion 𝛼sct(𝑇) at 77 K was estimated using the thermal strain 
from [40]. Additionally, for the case of the REBCO tapes, because it is an orthotropic material, the 
effective Young’s Modulus, effective Poisson’s ratio and effective secant coefficient of thermal 
expansion in each direction where estimated using the COMSOL® “Cell Periodicity” study. Table 5.4 
shows all the material properties used for this model. Moreover, the thickness of the REBCO tapes, 






Table.5.4. Parameter specifications of all materials used in the FEM for estimating change in joint 
pressure due to thermal contraction of a single lap joint sample with contact pressure of 25 MPa 






𝜶𝐬𝐜𝐭(𝟕𝟕 𝐊)  
(× 𝟏𝟎−𝟔 1/K) 
REBCO tape 
𝐸𝑥: 161.07, 𝐸𝑦: 152.3, 
𝐸𝑧: 161.07 
𝜈𝑥𝑦: 0.3, 𝜈𝑥𝑧: 
0.3, 𝜈𝑦𝑧: 0.28 
𝛼sct(𝑇)𝑥: 11, 𝛼sct(𝑇)𝑦: 
12.3, 𝛼sct(𝑇)𝑧: 11 
PTFE (TFE [40]) 0.4 0.42 [93] 89.86 
Stainless steel 200 0.3 12.85 
Indium 18.3 [92] 0.42  27.89 
 
Additionally, in order to reduce the calculation time and memory consumption, the model consisted 
in one half of the sample while a symmetry boundary condition was placed over the cross-section 
surface. Furthermore, a roller boundary condition and a spring foundation with spring constant 
10 N/mm were placed over the model surface in order to make the calculation converge.  
Finally, a bold pretension condition was applied to the bolts to simulate the contact pressure of 
25 MPa. The study is done in two steps; the first step is where the displacement field when bolts are 
pre-tensioned and the solutions are stored to then move to step two where the displacement field is then 
recalculated for thermal expansion of all domains. The results from the simulation are shown in Fig.5.25 
where the average contact pressure values are shown before and after thermal expansion. The joint 
pressure is reduced to 55% of the pressure applied at room temperature. Therefore, the actual contact 
pressure during the tensile shear test is lower than the original one. However, for more accurate results, 
the PTFE tape domain should take into account the silicone adhesive layer’s thermal contraction, which 
was not modeled in this section.  
 






PTFE-PTFE static friction coefficient: 
 
To calculate the PTFE-PTFE friction coefficient, a 1 mm thick stainless steel plate PTFE tapes 
attached to both faces of the plate was placed in one of the sample holders illustrated in Fig. 5.12, where 
the contact faces of the holder pieces were also covered with PTFE tape as shown in Fig. 5.26, where 
𝐹𝐴 is the applied tensile load and 𝐹fr is the friction force. The friction force is calculated by Coulomb’s 
friction law, 
 
 𝐹fr ≤ 𝜇S𝑁 (5.6) 
 
 
Fig. 5.25. Results from the thermal expansion (contraction) FEA. 
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where 𝜇s is the coefficient of static friction, and 𝑁 the campling force normal to the apparent contact 
area 𝑆A. The friction force matches the applied force 𝐹A until reaching the value 𝜇S𝑁. After this, the 
stainless steel plate starts sliding, and the friction force becomes  
 
 𝐹fr = 𝜇K𝑁 (5.7) 
 
where 𝜇K is the coefficient of kinetic or dynamic friction.   
The tensile test was performed 9 times where the clamping load was increased every 3 tests. The 
surfaces of both the stainless steel plates and the jig parts were carefully polished in order to avoid 
erroneous friction contribution from stainless steel surface roughness. Additionally, the PTFE tapes 
were change every time a new experiment was performed. The tests were performed at 77 K by 
submerging the test setup in the same cryostat used in Chapter 4 section 4.1. All the results are shown 
in Fig. 5.27 and Fig.2.8, respectively.  
 
 












By means of equilibrium equation, the equation to estimate the coefficient of static friction can be 







However, the test results show two peak loads and after the second peak load it can be observed 
from the oscillation of the load line that the stainless steel plate start to slide. This presents a difficulty 
since the two peaks might signify sliding of one side of the stainless steel plate only. In order to confirm 
that 𝐹 = 2𝐹𝑓𝑟 , a finite element model was created to simulate the test conditions and observe the load 
distribution across each side of the stainless steel plate under pressure. Fig. 5.29 shows the meshed 3D 
model and the boundary conditions chose for this brief study. The Prescribed displacement boundary 
condition was used to apply displacement to one of the jigs in the 𝑦 direction, while a fixed boundary 
condition was used on the other jig.  
 
Fig. 5.28. Test results for estimating the static PTFE-PTFE friction coefficient (continuation). 
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Fig. 5.30 shows the results for the simulation. The blue arrows indicate the traction vector tangent 
to each PTFE-PTFE surfaces (shear component of traction). The results from the simulation showed 
that the friction force is not the same, i.e. one of the friction forces is higher than the other. Therefore, 
Eq. (5.8) would actually give you half the value of the friction coefficient 𝜇𝑆 because in reality one of 
the sides starts sliding first. 
In this case the apparent contact area takes the value of 57.6 mm2. Then, by dividing the applied load 
𝐹A over 𝑆A from when the stainless steel plate starts sliding (first load peak), and plotting those values 
against the campling pressure 𝑃contact, the static friction coefficient (𝜇S) was estimated to be 0.104. The 






Fig. 5.29. Set-up for measuring friction force between PTFE tapes under clamping pressure.  
 
 





5.1.6 Apparent shear strength of single lap joints 
 
 After analyzing the change in joint pressure due to thermal contraction and the static friction 







where 𝐹max is the maximum tensile load registered by the load cell, 𝑆A is the overlapping or apparent 
contact area, and 𝐹fr is the friction force component from the jig which takes into account the thermal 
contraction and is calculated using the expression  
 
 𝐹fr = 𝜇s[(𝑃contact − 11.24 MPa) ∙ 𝑆A] (5.10) 
 
where 𝑃contact takes the value of the initial contact pressure applied during experiment, and 𝜇𝑆 the static 
coefficient of friction. The joint resistivity values were calculated using the expression 
   
 
Fig. 5.31. Results for friction force as function of clamping pressure when the copper plate started sliding 
(static friction) and when the copper plate was in motion (kinetic friction). The slope of each linear 
regression trendline accounts for the friction coefficient 𝜇S.  
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 𝑟joint = 𝑅joint ∙ 𝑆A (5.11) 
 
where 𝑅joint is the value of the joint resistance measured for each joint sample. 
Fig.5.32 (a) and (b) show the results of the experimental values for the apparent shear strength 
plotted against the measured joint resistivity of various lap joint samples having an initial contact 
pressure of 25 MPa. The joint area equals to 20 mm2 for the Fujikura ltd. lap joints and 25 mm2 for the 
SuperPower ltd. lap joints, for all joint samples using (a) Fujikura ltd. tapes and (b) SuperPower ltd. 
SCS4050-AP tapes. Moreover, the caps of the vertical error bars represent the values of the apparent 
shear strength after subtracting the friction component using Eq. 5.10 and 5.9. 
Fujikura GdBCO tape lap joint samples had joint resistivity values on the interval between 5 pΩm2 
and 10 pΩm2 for the case of indium bonded lap joints belonging to group F-ILJ1 which correspond to 
indium lap joint samples of Fujikura ltd. FYSC-SC05 tapes fabricated with joint pressure, and F-ILJ2 
which correspond to indium lap joint samples of Fujikura ltd. FYSC-SC05 tapes fabricated with bake-
out process, joint pressure and heat treatment. The rest of the Fujikura ltd. GdBCO tape lap joints had 
large variation in the joint resistivity. Similarly, samples from group SP-ILJ1 also showed a variation 
range in joint resistivity comparable to sample groups F-ILJ1 and F-ILJ2. This variation might be 
related to the physical condition of the contact interface between indium and the copper stabilizer 
surface. On the other hand, lap joints of SuperPower ltd. YBCO tapes and indium fabricated with heat 
treatment like sample groups SP-ILJ2 and SP-ILJ3, showed less variation in the joint resistivity values. 
The same can be said for the sample group SP-SLJ2 corresponding to SuperPower ltd. YBCO tapes 
soldered with PbSn solder. 
The reason why heat-treated samples using Fujikura GdBCO tapes and indium from group F-ILJ2 
have some variation similar to F-ILJ1 (samples without heat treatment) of the joint resistivity is still 
unknown. However, the variation in joint resistance for soldered lap joints using Fujikura GdBCO tapes 
(F-SLJ1 and F-SLJ2) is because gaps between the buffer layer and the substrate layer was produced, as 
it can be observed in Fig. 5.33 (a) and Fig. 5.33 (b). These gaps are the reason why SLJs using Fujikura 












Soldered lap joints using PbSn and lap joints using indium have similar values of joint resistivity. 
Yet, from the point of view of apparent shear strength, soldered lap joints have higher strength than lap 
joints using indium as bonding material when using electroplated-stabilizer tapes such as the SCS4050-
AP tapes. Therefore, as a preliminary conclusion, it can be said that PbSn soldered lap joints of 
electroplated-stabilizer REBCO tapes are the best option in terms of mechanical strength and low 
electrical resistance. However, from all the experimental data obtained through the tensile shear test 
experiment, for almost all joint samples using indium as bonding material, the rate of change of electric 
potential across the overlap length is small compared to the lap joints that were fabricated using InSn 
or PbSn solders, where the voltage across the overlap length increases immediately after mechanical 
failure occurs. In fact, for all of the soldered lap joint samples, either the current generator was shut 
down or the experiment stopped right after failure occurred in order to avoid burning of the samples 
during the experiment.  
This is shown in Fig. 5.34 for the case of (a) tensile shear test data for indium lap joint of 
SuperPower ltd. SCS4050-AP fabricated using pre-coated indium and heat treatment (group SP-ILJ3), 
and (b) tensile shear test data for Pb37Sn63 soldered lap joints of SuperPower ltd. SCS4050-AP (group 
SP-SLJ2). Here the test machine displacement is estimated using the speed of the motor (5 μm) and the 
sampling rate (10 Hz). 
 
Fig. 5.33. Laser scanning microscope images of SLJs of Fujikura’s GdBCO tapes using (a) In52Sn48, 





5.1.7 Correlation between joint’s apparent shear strength, contact 
conductivity and contact pressure 
 
In the past study regarding fundamental tensile characteristics of the indium lap joint [39], it was 
suggested that the maximum tensile load linearly increases against the joint conductance in the case of 
a contact pressure of 0 MPa and also in a group of other contact pressures. The higher joint conductivity 
implies that the joint has a larger real contact area and it gives rise to an increase in the friction force. 
Because of this assumption, it is likely that the contact resistance is more connected to the shear strength 
of the mechanical lap joints. Therefore, in this section the results from the tensile test are going to be 
discussed in terms of tensile load and contact conductance per unit area.  
The contact conductivity values were calculated using the expression: 






where 𝑆A is equal to 25 mm
2, and the contact resistance 2𝑅contact was estimated using Eq. (2.6) from 
chapter 2. The units for contact conductivity are siemens per meter squared, or S/m2. The total resistance 
 
Fig. 5.34. Tensile test results for single lap joints of SuperPower ltd. SCS4050-AP fabricated with (a) 
Pre-coated indium, joining pressure and heat-treated, and (b) Pb37Sn63 soldered lap joint. 
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contribution from each layer of the GdBCO tapes and the indium foil were calculated using the 
thickness values from Table.5.5 for the Fujikura FYSC-SC05 tapes and the equation  
 






where 𝜌layer is the resistivity of the conducting layers from the GdBCO tapes and the indium foil at 
77 K, and 𝑡layer  is their respective thickness values.  
 
Table. 5.5. Thickness and electrical resistivity 𝜌layer of all layers corresponding to Fujikura ltd. FYSC-
SC05 GdBCO tapes.  
Layer Thickness (μm) 𝝆𝐥𝐚𝐲𝐞𝐫 (×10
-8
 Ω.m)@77 K 
Copper stabilizer 75 0.21 [40] 
Tin 2 1.8 [88] 
Silver 6.4 0.27 [40] 
Indium 70-80 1.67 [40] 
 
For the case of the indium foil, because indium deforms plastically when applying the 100 MPa joint 
pressure for fabricating the samples, there is a decrease in thickness. Thus, 𝑅layer  is estimated for an 
indium thickness of 80 μm and 70 μm, and then the median from the two values is used to plot the data. 
Furthermore, the values corresponding to each interfacial resistance inside one Fujikura GdBCO tape 
were considered as a single value equal to 𝑅interface
total = 𝑅REBCO,Ag + 𝑅Ag,Sn + 𝑅Sn,Cu , which was 
measured using the same procedure described in [89]. An average value of ~14 nΩcm2 for 𝑅interface
total  
was used for the calculation. This would give an average value for 2𝑅interface
total  of 179 nΩ. However, 
one of the lap joint samples having initial contact pressure of 100 MPa displayed a joint resistivity value 
of 162.5 nΩ, which means that 𝑅interface
total  is actually lower than 14 nΩcm2.  
Fig.5.35 shows the results from several tensile tests using reinforced Fujikura GdBCO tapes and 
having contact pressure values of 25 MPa, 50 MPa and 100 MPa and using value of 10 nΩcm2, and 
Fig.5.36 which shows the apparent shear strength of the lap joints as a function of initial contact pressure. 
The horizontal error bars represent the variation of the indium thickness. Moreover, the caps of the 










Fig. 5.35. Shear strength as a function of contact conductivity of mechanical lap joint samples for 25, 50 and 
100 MPa contact pressure.  
 
Fig. 5.36. Shear strength as a function of initial contact pressure of mechanical lap joint samples for 25, 50 
and 100 MPa contact pressure.  
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The first observation that can be deduced from these results is the fact that there is a proportionality 
between contact conductivity and shear strength of the joint. Indeed, the contact conductivity may be 
correlated with the real area of contact, which is at the same time related to the shear strength of the 
mechanical joint. And the contact conductivity will increase with contact pressure. Moreover, as contact 
conductivity increases, the apparent shear strength increases with a high rate and then it tends to stabilize 
towards a constant value. This could be interpreted as follows; the mechanical strength of the interface 
between indium and the stabilizer increases with the contact conductivity until it becomes equal or 
higher than the strength of the indium. 
The second observation is the fact that a certain value of contact pressure is required in order to keep 
the joint strong enough against the in-plane shear stresses discussed in chapter 3. Moreover, the contact 
pressure necessary for achieving high shear strength has to be very high. In the fundamental study of 
tensile characteristics [39], it was recommended that a contact pressure >50 MPa is required for the 
task. However, by looking at the results obtained from Fig. 5.36, a contact pressure equal or higher than 
100 MPa is required for a single indium lap joint to be strong enough to endure in-plane shear stress 
levels of 32 MPa induced from electromagnetic hoop and overturning forces for the case of the original 
STARS conductor design discussed in chapter 3.  
On the other hand, the results presented in this section were obtained only for the case of the Fujikura 
GdBCO tapes with laminated stabilizer. Currently, Fujikura FYSC-SC05 tapes are no longer available. 
Therefore it is also important to repeat the tensile shear test using electroplated-stabilizer REBCO tapes 
to verify the correlation between contact pressure, joint resistivity and shear strength. Moreover, results 
corresponding to those samples without any contact pressure were actually obtained from a previous 
study in which the GdBCO tapes used where not reinforced with stainless steel plates.  
 
5.1.8 Failure mechanism 
 
An important aspect of the shear strength of lap joint is the analysis of the mechanisms that drive 
failure of the joint after reaching a maximum shear stress value followed by fracture. The way these 
failure mechanisms are classified is done by observing the contact surface of each joint sample after a 
test run is completed, and observing the indium content on each REBCO tape’s surface. The following 
Fig.5.37 classifies all modes observed on this study. Based on these modes, each of the tensile test 
results are marked inside their respective groups in the following Fig.5.38, Fig.5.39 and Fig.5.40 where 
their respective apparent shear strength values are plotted against the measured joint resistivity for the 









Fig. 5.37. Failure modes observed for all tensile shear test of single lap joint of REBCO tapes. 
 
Fig. 5.38. Shear strength as a function of joint resistivity of single lap joint samples of Fujikura ltd. FYSC-








Fig. 5.39. Shear strength as a function of joint resistivity of single lap joint samples of Fujikura ltd. FYSC-
SC05 tapes belonging to sample group F-ILJ1. The corresponding failure mode is indicated by dotted grey 
ellipses.    
 
Fig. 5.40. Shear strength as a function of joint resistivity of single lap joint samples of Fujikura ltd. FYSC-
SC05 tapes. The corresponding failure mode is indicated by dotted ellipses.    
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Mode I and Mode IV: REBCO tape delamination: 
 
All soldered lap joint samples, regardless of the REBCO tape being used, failed in Mode I or 
Mode IV. Thee failure modes feature delamination of the superconducting tape as can be observed in 
Fig.5.41 where a laser microscope photograph is shown for this sample. From the Goland & Reissner 
model of a single lap joint previously described in Chapter 2, stress is mainly concentrated at the edges 
of the overlap. This stress concentration at the edge of the joint where the REBCO tapes where cut from 
their respective batch are vulnerable to delamination since the stresses could promote crack growth at 
the weakest layer of the superconductor, i.e. the REBCO/Buffer layer. Additionally, for the case of the 
Fujikura tapes with laminated stabilizer, there is also the issue with the soldering process which might 
have induced cracks before the test was performed.  
Likewise, for some of the indium-bonded lap joint samples, delamination was also present like in 
the case of the samples marked with the blue asterisk in Fig.5.40 where one of the tapes delaminated 
and fractured, leaving the YBCO layer exposed as observed in the laser scanning microscope image in 
Fig.5.42. Therefore, care should be taken with the edges of the REBCO tapes since these might become 




Fig. 5.41. Laser microscope photograph of the 50 MPa contact pressure joint sample enclosed with the red-





Mode II: Interfacial failure mode: 
 
Interfacial or adhesive failure mode is characterized by a fracture that extends across the interface 
between the indium foil and the Cu stabilizer of the REBCO tape being bonded to it, as shown in 
Fig.5.43. 
According to contact mechanics [60], when two materials are pressed together, their surface 
asperities make actual contact, and the sum of all the contact points between asperities on opposite 
surfaces accounts for the real area of contact as show in Fig.5.44. If the joining pressure is increased, 
the asperities making intimate contact will deform elasto-plastically, giving an increase to the real area 
of contact and therefore an increase in the friction force between the two materials if there was an 
external force applying shear stress. The friction is attributed to the physical junction between asperities 
form the opposite surfaces being pressed together.  
This is what actually happens when the indium lap joint is fabricated. The surface asperities form 
the Cu stabilizer surface make contact with the indium surface and plastic deformation may occur to 
the indium surface asperities. As the indium keeps deforming plastically, more junctions are formed 
and therefore the real contact area increases, giving rise to the interfacial adhesion force which keeps 
the REBCO tapes bonded together with the indium foil. After removing the external joining pressure, 
some asperities from the Cu surface that not were making full contact with other indium surface 
asperities might return to their initial undeformed shape, reducing the real contact area to some degree.  
 
Fig. 5.42. Laser scanning microscope image showing both joint surfaces of one sample from group SP-







Now, an external pressure was reapplied to the joint during the tensile test, which was called the 
contact pressure. In section 5.1.8, for low contact pressure values, the indium joint samples had lower 
shear strength values. This is because the real area of contact is not large enough, or the surface 
conditions of the indium foil and both REBCO tapes were poorly clean. This translates to low interfacial 
shear strength between the indium foil and the REBCO tapes, leading to failure of the samples at the 
contact surface. 
Additionally, very low contact conductivity values suggest that there is a poor electrical connection, 
and this is directly connected to the real area of contact, according to Holm’s contact theory [60]. In 
 
 
Fig. 5.43. Adhesive failure mode. 
 
 
Fig. 5.44. Contact between two rough surfaces. Regions surrounding the contact junctions undergo elastic 
deformation, while plastic deformation occurs at some of the junctions. 𝐴𝑖 corresponds to the contact area of 
the 𝑖th contact zone, 𝐿𝑖 is the contact load and 𝐹𝑖 is a load applying shear stress to the contact zone. [60], p.67 
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this study, a mechanical lap joint sample is said to have failed in interfacial mode by observing the 
indium traces remaining on both REBCO tapes. Fig. 5.45 shows a laser microscope photograph of the 
25 MPa contact pressure joint sample enclosed with the blue-dashed circle in Fig.5.39. It can be 
observed that a large quantity of indium remained in one of the Fujikura GdBCO tapes.  
Aside from external contact pressure, interfacial shear strength of the joint is highly dependent on 
the material’s mechanical properties and the contact surface conditions, i.e. the surface roughness and 
the amount of impurities such as oxide films for the case of metal surfaces. Theoretically, a strong 
interface between dissimilar materials could be achieved by pressing them together in a vacuum 
environment. This may allow for formation of intermetallic layers between both materials that would 
constitute the interface contact. The contact conductivity might also be dependent on the electrical 








Fig. 5.45. Laser microscope photograph of the 25 MPa contact pressure joint sample enclosed with the blue-
dashed circle in Fig. 5.39. 
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Mode III: Cohesive failure mode: 
 
Indium-bonded lap joint sample results from the tensile test that failed in Mode III are said to have 
fractured under cohesive failure mode. For the case of sample group F-ILJ1, as contact pressure is 
increased, higher values of contact conductivity are achieved. This is directly associated with the 
increase in the real area of contact which gives in return a higher interfacial shear strength. As the 
interfacial shear strength increases, there is a point where it becomes equal, or surpasses the shear 
strength value of the indium foil itself. When this occurs, failure occurs exclusively in the indium foil,  
and not on the interface. This is what is known as cohesive failure, where the term cohesive is related 
with the molecular attraction by which the particles of a body are united throughout the mass, i.e. the 
attraction process that occurs between similar molecules. Therefore we can define cohesive failure as 
internal failure of the bonding material, in this case, pure indium. Fig.5.46 shows this concept for the 
case of a single indium lap joint.  
In contrast with interfacial failure mode, the cohesive strength only depends on the bonding 
material’s mechanical properties. An example of a joint sample that failed in this mode is shown in 
Fig.5.47 corresponding to the 100 MPa contact pressure sample enclosed by the blue-dashed circle in 
Fig.5.39. In this study, an indium lap joint sample is said to have failed in cohesive mode by observing 
the indium traces remaining on both REBCO tapes. As can be observed in Fig. 5.47, indium remains 
on both REBCO tapes.  
In addition to the results obtained using indium lap joints of Fujikura GdBCO tapes, the results for 
sample groups SP-ILJ2 and SP-ILJ3 corresponding to baked-heat treated and pre-coated indium lap 
joints showed a failure mode III. This might be related to the fact that the samples that were heat-treated 
like group SP-ILJ2 displayed a contact conductivity 3.4 times higher than the samples without heat 
























Fig. 5.47. Laser microscope photograph of the 100 MPa contact pressure joint sample enclosed with the 
blue-dashed circle in Fig. 5.39. 
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Mode II + Mode III: Mixed failure mode  
 
This is the most common failure mode observed for indium lap joint samples without heat treatment. 
Lap joints that failed in this mode have the characteristic that fracture moves from one interface to the 
other, fracturing the indium foil in the process. This can happen more than once during slipping of the 
overlapping contact area as the reinforced REBCO tapes are pulled apart. This can be observed for the 
case of one sample from group F-ILJ1 having 50 MPa contact pressure failed in this mode as can be 
observed in Fig.5.48 which shows a laser microscope photograph of the 50 MPa joint sample enclosed 









Fig. 5.48. Laser microscope photograph of the 50 MPa contact pressure joint sample enclosed with the blue-
dashed circle in Fig. 5.39. 
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5.1.9 Key parameter to determine shear strength  
 
After classifying the failure modes for the mechanical lap joint, it was understood that the shear 
strength of the joint increases with contact conductivity because the real area of contact is increased, 
and that samples with poor contact conductivity will fail in interfacial mode and samples with very 
good contact conductivity will fail in cohesive mode. Moreover, the contact conductivity of the joint 
also depends on the contact pressure being applied externally during the tensile test.  
On the other hand, the contact conductivity can also be improved by softening the indium foil when 
fabricating the joint samples through heat treatment method. From the results obtained in the previous 
section, it can be deduced that the key parameters that determines shear strength and the failure 
mechanism of the indium lap joints are the contact conductivity, contact pressure and the mechanical 
properties of the bonding material, in this case indium. 
 
5.1.10 Review on the scattering of results  
 
Even though a linear tendency is present, there is still scattering of the results for each sample group. 
This might be due to several reasons: 
 
Profile curve of the sample surface: 
 
In reality, the surface of the REBCO tapes are not 100% flat. There is actually a small curvature 
when moving along the width direction of the coated conductor. Fig.5.49 shows the profile curve 
obtained with a laser microscope of a typical FYSC-SC05 GdBCO tape before and after brushing the 
surface of the copper stabilizer with #400 grid sand paper. The slope of the profile curve is smallest at 
the center of the tape. The curvature problem becomes more serious for the case of the GdBCO tapes 
reinforced with AISI 304 SS bars as it can be observed in Fig.5.50 where the profile curve of a 
reinforced GdBCO tape was obtained. This is because the surface plane of the AISI 304 SS bar is not 
completely in parallel with the opposite face of the AISI 304 SS bar.  
This problem might induce non-uniform compressive stress when fabricating the mechanical lap 
joint samples, therefore introducing an uncertainty error in the contact conductivity and shear strength 













Poor sample fabrication: 
 
This problem is similar to the previous one. If the tensile load distributed between the four bolts used 
to fabricate the joint samples, there will certainly be a non-uniform compressive pressure distribution 
across the overlapping area. Thus, introducing another uncertainty error in the calculation of the shear 
strength and contact conductivity of a mechanical joint sample. This misalignment is illustrated in 
Fig. 5.51 (right). Another misalignment observed in some of the samples using SuperPower ltd. 
SCS4050-AP tapes after fabrication is the one illustrated in Fig. 5.51 (left) where one of the reinforced 
REBCO tapes is slightly rotated. This might be induced when applying torque to each bolt of the jig 





Fig. 5.50. Surface profile of GdBCO tape reinforced with AISI 304 stainless steel. 
Fig. 5.51. Misalignment produced from uneven distribution of the tensile load around the bolts used to apply 
joining pressure to the lap joint sample (right), or due to friction produced by the bolt’s head when applying 
torque to each bolt. 
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Scale of the experiment: 
 
The actual scale of the experiment might also have some influence on the scattering of the results 
because the dimensions of the joint region are small. Typical Lap shear test standards like the ASTM 
D1002 for lap shear tests of metal-to-metal lap joint bonded with adhesive material recommend that 
test specimens should have the dimensions shown in Fig. 5.52. However, influence of the dimensions 
of the lap joint samples over the apparent shear strength of the mechanical lap joint requires a separate 

















Fig. 5.52. Form and dimensions of a test specimen according to ASTM D1002.  
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5.2 Non-destructive inspection 
 
In the previous section discussed about the shear strength, failure mechanism and correlation with 
joint resistance of single lap joints of REBCO tapes, and it was concluded that the lap joints using 
indium as bonding material are more electro-mechanically stable than those joints using SnPb solder 
alloy if failure occurs. This is because of the difference in failure mechanism where soldered lap joint 
tend to suffer delamination of the REBCO tapes themselves, whereas indium lap joints fabricated with 
the heat treatment method tend to fail cohesively inside the indium layer and thus avoiding sudden 
increase of the joint resistance. 
However, failure mechanism of the joints was discussed only for the cases where the joint samples 
almost or completely separated, while for the case of the STARS conductors the lap joints are confined 
inside the REBCO tape stack where displacements are of the order of micrometers. Therefore, it is also 
important to analyze the state of the indium layer as tensile loading increases until the joint strength 
value is reached and failure occurs. In this section three lap joint samples of 10 mm overlap length were 
fabricated and tested at 77 K. After each test, the samples were inspected using an X-ray CT scan 
machine from the Tohoku University Micro System Integration Center (μSIC) at Nishizawa Center, 
Sendai City, Japan.  
 
5.2.1. Sample fabrication 
 
The REBCO tapes used in this section were manufacture by SuperOx Japan. The copper stabilizer 
is electroplated over the silver layer similar to the SuperPower ltd. SCS4050 tapes used on the previous 
section. For this section, the overlap length was changed to 10 mm. The lap joint samples were 
fabricated by first brushing the REBCO tapes surfaces to be joined using a #400 grid sandpaper. Then, 
each surface was cleaned with water and then with ethanol until these were dry before applying the flux. 
The flux used is the SUSSOL-F 89-031 flux for stainless steel manufactured by Hakko® which is 
composed of zinc chloride (35-45%), ammonium chloride (<10%), hydrogen chloride (<5%), surfactant 
(<5%) and purified water (45-55%). After applying the flux using a cotton swab, the flux was removed 
by cleaning the surface again with ethanol.  
After the REBCO tape surfaces were clean, a 100 μm thick indium foil was placed between both 
tapes to then apply pressure using a jig similar to the one introduced in section 5.1.1; a pressure of 
100 MPa was applied and then the sample was inserted in an oven and heated for 30 mins at 90-95 °C. 
The sample was taken outside the oven after the first 15 mins to retighten the bolts of the jig and then 
reinsert it inside the oven. It must be noticed that before reinserting the sample inside the oven, the 
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reinforced REBCO tapes were misaligned. Therefore these where realigned manually while the pressure 
was being applied by the jig. Then, the sample was reinserted inside the oven. 
After the sample was prepared, the jig is disassembled to attach the PTFE tapes to all the contact 
surfaces between the jig and the joint sample. Finally, the jig and the joint sample are reassembled to 












Fig. 5.53. Experimental setup used in this section where an illustration of the test section where the sample 




5.2.2. Test procedure 
 
The test steps consisted in applying a certain tensile load to the joint sample without reaching 
maximum tensile strength. After this first loading, the sample is removed from the experimental setup 
to be inspected using the X-ray CT scan machine. After taking the first CT scan, the same sample is 
then placed back into the experimental setup to apply a second tensile load with a magnitude higher 
than the load applied on the first step, but without reaching maximum tensile strength. The procedure 
is repeated until the maximum tensile load is reached and then the last CT scan is taken. Finally, the 
tensile tests were run at cryogenic temperature of 77 K in a liquid nitrogen bath.  
Additionally, for this test, the parameters measured during each test where the applied tensile load, 
the voltage drop across the overlap length, and the applied displacement. The displacement of the 
sample was monitored using a displacement transducer shown in blue color in Fig. 5.53 and the clip-on 
gauge shown on section 5.1.2. However, the clip-on gauge was actually used only once in a preliminary 
test using a lap joint sample fabricated using the same steps explained in section 5.2.1. Therefore, the 





Fig. 5.54. Displacement data obtained from the clip-on gauge against the displacement data obtained from 
the displacement transducer. The polynomial relation is used to determine the actual applied displacement at 
the test section. 
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5.2.3. Test results 
 
The following results correspond to one indium lap joint sample which was tested 4 times. The 
results of the applied tensile load divided by the overlap area, with respect to the calculated applied 
displacement are shown in Fig. 5.55. Because the sample was repeatedly removed and reassembled to 
the tensile test machine every time a test was finished, the displacement data does not coincide between 
each test run. However, the change in joint resistivity was measured before test #1 and after each test 
was finished. Fig. 5.56 shows the results for the joint resistance values of the same sample. Joint 
resistance decreases about 0.2 pΩ.m2 after test #1 and then it increases after test #3 and reaching the 
highest value after test #4. The X-ray CT-scan images corresponding to the “as fabricated” state and 
after each test are shown in Fig. 5.57. As it can be observed, some cracks start to appear near the edge 
of the lap joint and on the side after test #3 was finished. The cracks are then fully visible after test #4 
where the joint resistivity increases about 2.2 pΩ.m2.  
On the other hand, from the CT-scan images it cannot be observed which the crack’s path is. 
However, by deducing that stress will be concentrated at the edges, the crack seems to grow from the 
edges to the center of the tape. While growing, the path of both cracks coming from each edge may 
change throughout the indium thickness, leaving the cracks that can be observed on the CT-scan images.  
According to the current design, the lap joints inside the bridge-type lap joint of a STARS conductor 
are embedded and fixed inside the copper jacket. Thus, a displacement of the REBCO tapes would be 
very small comparing to the displacement applied to the sample in this section. This means that even 
though cracks might grow inside the joint, a sudden increase in joint resistance would not occur. 
However, because STARS conductors are currently proposed for the FFHR-d1 helical fusion reactor 
which an experimental device, the cables are expected to be under repeating loading cycles starting 









Fig.5.55. Experimental results for the repeated tensile shear test of a single indium lap joint of SuperOx ltd. 
YBCO tapes. For each test, the joint resistance was measured before and after. 
 
Fig.5.56. Results for the measurement of the joint resistance before and after each tensile test shown in  





5.3 Electro-mechanical behavior under cyclic loading 
 
In this section, a cyclic loading tensile shear test was performed in order to evaluate the change in 
joint resistance after a certain number of cycles. The samples were fabricated following the same 
procedure from section 5.2. The REBCO tapes used where manufacture by SuperOx Japan ltd.. 
Additionally, the overlapping area was 10 mm × 4 mm and the same jig and sample fixtures from 
section 5.2 where used. Finally, a contact pressure of 10 MPa was initially applied before the test started.  
Two types of cyclic loading test were performed; a monotonic cyclic load where tensile load was 
applied and then reduced repeatedly as shown in Fig.5.58 (a), and an alternate cyclic loading shown in 
Fig.5.58 (b). The latter was performed by assuming that if there is plastic deformation after stress is 
induced during the operating stage, then when the magnets are heated up to room temperature, there 
might be some shear stress induced at that stage. The load amplitude of the load cycle was between the 
400 N and 450 N interval for the case of the monotonic cyclic loading. This value was decided based 
on the results obtained from section 5.2, where the non-destructive test results and measured joint 
resistance values showed no change both electrically and structurally for an apparent shear load of 
 
Fig. 5.57. X-ray CT scan images for the same single indium lap joint of SuperOx ltd. YBCO tapes. Each 
CT-scan image correspond to the sample after fabrication, after test #1, and so forth. The red ellipses mark 
the observed regions where cracks appeared. 
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15 MPa. Conversely, the loading amplitude for the case of the alternate cyclic loading was about 800 N 
where it was observed an increase in joint resistance due to crack formation.  
The results for the measured joint resistance per 100 cycles are shown in Fig.5.59. After 400 cycles, 
the joint resistivity does not change more than 0.4 pΩ.m2 for the case of the monotonic cyclic loading. 
On the other hand, for the case of the alternate cyclic loading, the joint resistivity already increases after 
100 cycles, and this is because the cycle amplitude is almost the double of the monotonic cycle test. 
Therefore, it can be concluded that for maintaining electro-mechanical stability of the lap joints, the 
required shear strength value of the lap joints should be decided taking into account a safety factor of 2 





Fig. 5.58. Measured load profiles for (a) monotonic cyclic loading, and (b) alternating cyclic loading of a 





5.5 Shear test using the Iosipescu configuration 
 
Although the definition used in this study to estimate the shear strength of the lap joints is that of the 
maximum load measured divided by the overlap area, the reality is that shear stress is not uniform. In 
fact, most of the stress is concentrated at the edges of the overlap, while stresses in the middle of the 
overlap area are lower as it is shown in Chapter 2 section 2.5, where the Goland & Reissner model 
shows the stress distribution across the overlap length. Moreover, the stress distribution from the 
numerical stress analysis of the bridge-type lap joint of Chapter 3 shows that during the operating stage 
of the STARS conductor, the shear stress distribution is different than the stress applied to a single lap 
joint.  
Therefore, in order to correctly evaluate the shear strength of the indium lap joint, an experiment 
that is able to apply uniform shear stress is necessary.  
The Iosipescu shear test or v-notched shear test is a method proposed by N. Iosipescu in 1967 for 
determining the shear strength of concrete, and after gaining popularity among researchers, it became 
an ASTM standard method for testing composite materials [90][91]. The main feature of this test are 
the notches on the specimen to be tested to reduce the cross-sectional area so that stress is concentrated 




Fig. 5.59. Measured joint resistance of the as-fabricated sample and after every 100 load cycles for (a) 
monotonic cyclic loading, and (b) alternating cyclic loading of a single indium lap joint of SuperOx Japan 





In this section an experiment featuring a geometry similar to the v-notched specimen was design and 
manufactured in order to apply uniform shear stress across the overlap area in the width direction since 
the higher shear stress appears in this direction during the operating stage of the STARS conductors as 
discussed in Chapter 3. 
 
5.5.1. Sample fabrication and experimental setup 
 
Assembling the samples consist in attaching the REBCO tapes to the stainless steel jig shown in 
Fig.5.65 using the Cemedine® EP-138 epoxy. The REBCO tapes used in this section are the 
SuperPower ltd. SCS4050 YBCO tapes. The tape is fixed using copper plates and M3 bolts. The epoxy 
is cured by heating the sample up to 120 °C for 30 mins and then at 150 °C for 20 mins.  
 





After two fixtures with REBCO tapes attached are ready, the joint fabrication procedure is next. For 
this test, the heat-treatment procedure was chosen to manufacture the joint sample since it has 
demonstrated good results in terms of reducing electrical joint resistance. First, the stabilizer surfaces 
are brushed with sandpaper and then cleaned with water followed by ethanol. Then, a cotton swab 
impregnated with Hakko ltd.’s Sussol-F® flux in order to etch the remaining oxide layer on the surface 
of the tapes. Finally, the flux is removed with ethanol. The same cleaning procedure is done for the 
indium foil of 100 μm thickness. 
All the sample components are assembled together inside the stainless steel anvil shown in Fig.5.66. 
This anvil features holes to introduce the heaters for the heat treatment. A compressive load of 100 MPa 
is applied to the sample assembly using the same stepping motor equipment from the tensile shear tests. 
While the pressure is kept constant, the sample is heated up to 90-95 °C for 30 mins. The motor is 
manually controlled so that the thermal expansion from all the parts of the assembly don’t induce 
overpressure to the sample. Finally, after 30 mins, the heaters are removed and the pressure is released 
to leave the sample to cool down either at room temperature or by forced-cooling using a dryer.  
 
Fig.5.65. Illustration of the fabrication of one of the sample fixtures where the REBCO coated conductor is 
attached to the flat surface of the stainless steel anvil. Heat-curing epoxy is used to attach the REBCO tape 





Because it is of interest to measure the joint resistance of the sample in order to confirm it has low 
resistance, and also to monitor the change in voltage drop when failure occurs, the design of a proper 
experimental setup and sample fabrication brought some challenges. Therefore, after the joint sample 
fabrication, the current leads are attached to the extremes of the respective REBCO tapes and then the 
rest of the fixture parts are assembled together with the joint sample into the tensile test machine as 
shown in Fig.5.67 and Fig.5.68. Finally, a RA-2L clip-on displacement transducer manufactured by 
Tokyo Measuring Instruments Lab is placed in its based to measure the applied displacement with the 
same machine used to fabricate the sample.   
 
 
Fig.5.66. Illustration of the assembly used for the fabrication of the lap joint sample. The pressure was 






Fig. 5.67. Assembly of the fixtures of the Iosipescu shear test of an indium lap joint of REBCO tapes. 
 
Fig. 5.68. Illustration of the experimental setup of the Iosipescu shear test for single lap joints of REBCO 
tapes with all parts assembled.  
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The geometry of the sample fixture was designed basing off the Wyoming fixture from the ASTM 
standard [91]. The cross-sectional view shows where the lap joint is located. In order to test if the 
designed geometry was the correct, various FEA models were run to determine if the applied stress was 
pure shear and not a combination of shear and transverse tensile stress. The current design’s stress 
distribution results are shown in Fig.5.70 where the displacement field and non-scaled deformation can 












Fig. 5.70. Results from the finite element analysis showing the total displacement field and non-scale 
deformation of the sample. 
 




5.5.2. Experimental results 
 
The results for one sample test are shown as follows. As it can be observed from Fig.5.72, a 
maximum shear stress of 5.66 MPa was obtained. This is much lower that the results obtained for the 
single lap joints. Moreover, a picture showing the sample surface in Fig.5.73 after the test indicates that 
the failure mode was cohesive, i.e. the indium failed in shear. However, the joint resistance and voltage 
drop could not be properly measured perhaps because the voltage taps were not properly attached to the 
sample. The sample exhibited low shear strength in comparison with the data obtained from the tensile 
shear tests with single lap joints. This might due to the fact that for the case of the single lap joint 
geometry, the peeling and shearing stresses are concentrated at the edges of the overlap, while at the 
center of the overlap the stress is very low according to the Goland & Reissner model [63][64], whereas 
for the case of the v-notched geometry, the shear is uniformly applied across the whole joint area.  
There is also the fact that this experiment differs from the single lap joint since there is no contact 
pressure being applied during the test. On the other hand, the results from a second test are shown in 
Fig. 5.74. This time the failure load was higher than on the first experiment. However, the failure mode 
was different, corresponding to delamination of the REBCO tape as it can be observed in Fig. 5.75. 
This is because for this experiment, the whole lap joint is under uniform shear, and this of course 












Fig. 5.73. Photograph the first joint sample tested using the Iosipescu shear test. Failure mode corresponded 
to cohesive where fracture occurred at the indium layer. 
 
 





5.6 Applicability of the indium lap joint  
5.6.1 Shear strength  
 
As far as the empirical study on indium lap joints between REBCO tapes, it appears that a contact 
pressure of ≥100 MPa is required in order to achieve a joint shear strength equal or higher than 32 MPa. 
However, the problem with this is that having constant pressure at the joint sections in the actual magnet 
is unlikely since this would decrease after cooling the superconducting coils due to thermal strains. On 
the other hand, fabricating the mechanical lap joint samples using the heat treatment [86] seem to 
improve the interfacial shear strength without depending on high contact pressure. However, this is no 
sufficient in order to satisfy the necessity that shear strength of the lap joint should be at least twice that 
of the stress during operation.  
Therefore, in terms of joint resistance and overall mechanical strength, PnSn soldered lap joints seem 
to be the better option. The issue with these joints is that if failure occurs by delamination of the REBCO 





Fig. 5.75. Photograph the second joint sample tested using the Iosipescu shear test. Failure mode 




5.6.2 Influence of the failure mechanism   
 
As it was mentioned before, high constant pressure at the joint section of a bridge-type mechanical 
lap joint of STARS conductors is very difficult to achieve since thermal strain produced by the cooling 
cycles would likely reduce the pressure. Therefore it is pertinent to judge how the joint resistance would 
change if a single mechanical lap joint fails. For this section, the joint resistance of three mechanical 
lap joint samples having different contact pressure values was evaluated and compared with a prediction 
model for determining the change in joint resistance as the lap joint fails and displaces along the tensile 
load action line.  
By attaching the AISI 304 stainless steel bars to the GdBCO tapes, the irreversible tensile strain 
reported in [54] corresponding to 0.55% for GdBCO tapes was not reached. The reinforced GdBCO 
tapes allowed us to analyze what is the tendency for the joint resistance as the joint area is reduced with 
further displacement. Eq. (5.24) was used to calculate the change in joint resistance after the joint fails 







𝐿joint − 𝑥 
. (5.24) 
 
In this equation, 𝐿joint is the initial joint length, 𝑅joint
0  is the initial joint resistance measured before 
performing the tensile test, 𝑥 is the displacement along the positive 𝑥 direction, 𝑅joint(𝑥) is the joint 
resistance as a function of displacement 𝑥 and 𝑅joint(𝑥) 𝑅joint
0⁄  is the normalized joint resistance. The 
model only takes into account a reduction in the current path as if cohesive failure occurred like it’s 
shown in Fig. 5.75. The model does not take into account the effect of having contact pressure.  
Results for the change in normalized joint resistance as failure occurs and the joint starts sliding are 
shown in Fig. 5.76. The tensile machine displacement values were calculated using the strain values 
obtained with the clip-on gauge introduced in chapter 3. The difference in change of joint resistance 
behavior between experimental results is related to the failure mode where the 100 MPa failed in 
cohesive mode, 50 MPa in mixed mode and 25 MPa in interfacial mode. For either case, it is safe to say 
that a maximum joint displacement of 0.5 mm could be allowed of the case of mechanical lap joints 










Moreover, the multiscale structural analysis [39] revealed that the 32 MPa in-plane shear stress 
corresponds to 0.052% shear strain. In the design parameters for the fabrication of bridge-type 
mechanical lap joint applicable for the FFHR-d1 design, an indium thickness of 500 μm is considered. 
Fig. 5.77 illustrates how this displacement might occur for a single mechanical lap joint from the bridge-
type mechanical lap joint of REBCO tapes. Here 𝛼 is the shearing strain and 𝛿 corresponds with the 
displacement of the top REBCO tape. 
 
Fig. 5.75. Prediction model of the change in joint resistance as the joint starts displacing.  
 
 
Fig. 5.76. Experiment and prediction model results for increment in joint resistance with respect to joint 




The shearing strain 𝛼 can be estimated using the following equation and recalling that the shearing 
strain is a very small angle: 
 





By using the shearing strain value of 0.052% estimated from the multiscale structural analysis and 
inserting it in Eq. (5.25), a displacement value 𝛿 is found to be 0.26 μm. This value is extremely small 
in comparison with the dimensions of the joint itself. Such a displacement would have no relevant 
effects on the increase in joint resistance if the mechanical lap joint happens to fail. Therefore we may 
conclude that for the shearing strain of 0.052 % corresponding to the 32 MPa in-plane shear stress, a 
















Proposal of improved design of the STARS conductor 
 
Based on the results obtained from Chapter 3 and [39], an alternative to the current gas-cooled 
STARS conductor is proposed. The 𝑥𝑦  in-plane shear stress results showed that there is a stress 
concentration at the center row the REBCO tape stack. Therefore the first thing to notice is that the 
REBCO tape layers can be redistributed in order to be left with only two rows while leaving the middle 
of the STARS conductor to be only copper. Next, if the cross-section of the STARS conductor is divided 
in four quadrants like in Fig.6.1, the second and fourth quadrant display low shear stresses in 
comparison to the first and third quadrant. 
Henceforth, if the REBCO stacks are located in these two quadrants, the 𝑥𝑦 in-plane shear stress 
should be lower. Fig. 6.2 shows the proposed design for the STARS conductor taking into account the 
above discussed. However, this design is proposed by only taking into account the mechanical aspect 
of the STARS conductors during operating stage. Actually, there are many more parameters that have 




Fig. 6.1. Cross-sectional view of the STARS conductor displaying the in-plane stress tensor 𝑥𝑦 component 





The results from the cell periodicity analysis using the same average strain applied to the original 
design in Chapter 3, section 3.4 into the proposed design are shown in Fig. 6.3. Here the results for peak 
shearing stress of 80 MPa is still present. However, the shear stress distribution is different for the case 
of the REBCO stacks. By using a coordinate system of reference x’y’ which is rotated 45 degrees along 
with the REBCO stacks, the in-plane shear stress x’y’ component and y’z’ components can be 
visualized, where coordinate x’ is parallel to the width direction of the rotated REBCO stacks, and y’ is 
parallel to their height direction. Results show that the 𝑥′𝑦′ in-plane shear stress is lower than the one 




Fig. 6.2. Proposed design for the STARS conductor. 
 
 
Fig. 6.3. Results from the electromagnetic force FEA corresponding to the stress tensor 𝑥𝑦 component (left), 





Similarly, by using the same FEM along with the same boundary conditions and mechanical/thermal 
expansion parameters of each material already introduced in Chapter 3, the thermal stresses can be 
evaluated for this design. Results from this analysis are shown in Fig. 6.5 and Fig.6.6. Transverse stress 
induced at the cooling stage is also lower than for the case of the original design as seen in Fig.6.6 (left) 
where the stress tensor 𝑦′ component (tensile stress in the REBCO stack height direction). Conversely, 





Fig. 6.4. Results from the electromagnetic force FEA corresponding to the stress tensor 𝑥′𝑦′ component 
(left), and 𝑦′𝑧′ component (right) of the REBCO stack rows.  
Fig. 6.5. Results from the thermal stress FEA corresponding to the stress tensor 𝑦 component (left), and the 






Overall, form the mechanical point of view, this design allows for the reduction of the shearing 
stresses in the width direction of the stacked REBCO tapes during the operating stage. Nevertheless, 
this design would not allow for easy bending of the STARS conductor when the bending moment acts 
over the 𝑥 axis as shown Fig. 6.7 where there is shearing in the 𝑦′𝑧′ local coordinates of the REBCO 
stack when only bending is applied. The difference in strain values across the height of the REBCO 
stack induces these shearing stresses which, in addition to shearing from twisting, it would rather 
potentially affect the mechanical stability or the REBCO tapes in comparison with the original design 
which is focused on this very fact that, with the REBCO tape stacks arrange horizontally and in the 





Fig. 6.6 Results from the thermal stress FEA corresponding to the stress tensor 𝑦 component (left), and the 
stress tensor 𝑥𝑦 component (right) of the REBCO stack rows 
 
Fig. 6.7. Results from applying a bending moment 𝑀𝑥 along the 𝑥 axis corresponding to the stress tensor 
𝑦′𝑧′ component the STARS conductor new design proposal (left), and the original design proposal (right).   
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One way to overcome this difficulty is by not rotating the REBCO tape stacks and just placing them 
diagonally at the second and fourth quadrant as shown in Fig. 6.8. However, with this configuration the 
reduction in 𝑥𝑦 shear stress components induced due to electromagnetic forces is less effective as it can 
be observed in Fig. 6.9 where the corners of the REBCO stacks closer to the center of the conductor 
display high 𝑥𝑦 shear stress. 
In conclusion, by changing the location and orientation of the REBCO tape stacks, an ideal 
configuration for reducing shearing stresses could be achieved. However, in order to reduce the shear 
stresses due to electromagnetic forces, it is necessary to consider not just the mechanical aspect during 






Fig. 6.8.Second proposed design for the STARS conductor. 
 
Fig. 6.9. Results from the electromagnetic force FEA corresponding to the stress tensor 𝑥𝑦 component the 




Conclusions   
 
The segmented fabrication of the superconducting magnets of a fusion reactor featuring STARS 
conductors with high-temperature superconducting coated conductors inside has been proposed for 
shortening the construction period. The joining of the STARS conductors is based on the bridge-type 
mechanical lap joint concept. However, joints of the HTS tape can be subjected to various stresses and 
can become potential damage points.  
The objective of this investigation is to analyze the mechanical response throughout each stage of 
the lifecycle of the bridge-type mechanical lap joint of STARS conductors and then compare it with the 
results obtained from the electro-mechanical stability of the lap joints under shear stress via 
experimental analysis. For this study in particular the case of the FFHR-d1 design is used as a base for 
analyzing the feasibility of the joints. 
Below, the conclusion for each objective is summarized. 
 
Chapter 3: Numerical Stress Analysis of Bridge-Type Lap Joints of STARS Conductors 
during Fabrication, Cooling and Operational stages: 
 
By means of numerical analysis using several FEM of the STARS conductors and its constituent 
materials, the understanding of all the scenarios in which stress can be induced on the REBCO tape 
stack during the fabrication stage, cooling stage and finally the operating stage. Specifically, the 
conclusions from this section are ordered as follows: 
 Fabrication stage: the twist-bend fabrication option for the bridge-type mechanical lap joint was 
analyzed, and results showed high shear stresses due to conductor twisting.  
 Cooling stage: when the STARS conductor is cooled, tensile thermal stress along the REBCO stack 
height is produced due to difference in secant coefficient of thermal expansion between insulator 
and the rest of the materials.  
 Operating stage: stress due to electromagnetic forces acting on the conductor and single lap joints 
was revised. Results show that the in-plane 𝑥𝑦 stress tensor component is highest at the center 
REBCO stack row and this is due to the way the STARS conductor deforms. Likewise, there is 
also shearing stress in the 𝑦𝑧 plane that adds to the overall shearing stress of the REBCO tape 
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stacks where the lap joints are to be located. On the other hand, the FEM results also showed that 
there is a compressive stress in the 𝑦 direction (in the direction of the REBCO tape stack height) 
that is highest at the central stack row. 
The results obtained in this chapter correspond to one of the design options proposed for the STARS 
conductors. Therefore, the results will vary depending on various parameters such as change in 
geometry, change in the structure of the composite materials such as the glass-fiber-Kapton® insulator, 
and so forth.  
 
Chapter 4: Shear strength of REBCO tapes along the width direction: 
 
An experimental attempt to determine the shear strength of two kinds of REBCO tapes was done. 
The results showed that for the case of laminated stabilizer REBCO tapes, their shear strength is very 
low compared to the samples with the electroplated-stabilizer. Moreover, a Weibull analysis was 
performed in order to determine the probability of failure of the electroplated-stabilizer REBCO tapes. 
However, the analysis displayed to groups of data sets featuring different probability distribution and 
hazard functions. The origin of these two distinct data groups was investigated with an FEA of the 
experiment. The FEA results showed that there was also compressive stress normal to the REBCO tape 
on the side where the shear stress was highest, while tensile stress normal to the REBCO tape was 
observed on the opposite side. In conclusion, in order to determine the failure mechanism of each 
sample group obtained from the Weibull analysis, a shear test to determine change in shear strength of 
the REBCO tapes while applying a controlled transverse stress is necessary. 
 
Chapter 5: Apparent shear strength of single lap joints of REBCO tapes: 
 
The apparent shear strength of lap joint samples fabricated using different methods is evaluated 
using the single lap joint tensile test method. Conclusions for each section are ordered as follows: 
 Apparent shear strength of single lap joints: results showed that indium lap joints fabricated using 
heat treatment show low resistance values similar to those obtained using PbSn solder. Conversely, 
PbSn soldered lap joints show fairly higher apparent shear strength in comparison to indium lap 
joints.  
 Correlation between contact conductivity, contact pressure and apparent shear strength: the results 
for indium lap joint samples fabricated only by applying pressure indicated that the contact 
conductivity may be correlated with the real area of contact, which is at the same time related to 
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the shear strength of the mechanical joint. And the contact conductivity will increase with contact 
pressure. Moreover, as contact conductivity increases, the apparent shear strength increases with a 
high rate and then it tends to stabilize towards a constant value. Likewise, apparent shear strength 
seems to also increase with contact pressure. 
 Failure mechanism: using the results from the tensile test a discussion is done on the failure 
mechanism of each sample type and the change in joint resistance when failure occurs. Generally 
indium lap joint failure mechanism is that of decohesion of the indium layer, and this is translated 
into small joint resistance increase. On the contrary, PbSn soldered lap joints fail in delamination 
of the REBCO tapes, giving a sudden increase in joint resistance. In addition, a non-destructive 
test is used to observe the cracks inside the indium layer after increasing shear loads are applied. 
 Electro-mechanical behavior under cyclic loading: a cyclic load test is performed to evaluate 
change in joint resistance due to fatigue loading, and the results showed that after 400 cycles, the 
joint resistivity does not change more than 0.4 pΩ.m2 for the case of the monotonic cyclic loading. 
On the other hand, for the case of the alternate cyclic loading, the joint resistivity already increases 
after 100 cycles, and this is because the cycle amplitude is almost the double of the monotonic 
cycle test. Therefore, it can be concluded that for maintaining electro-mechanical stability of the 
lap joints, the required shear strength value of the lap joints should be decided taking into account 
a safety factor of 2 at least. That is, the shear strength of the joint should be twice the stress 
estimated for the operating stage. 
 Shear test using the Iosipescu configuration: this shear test is introduced as an alternative shear test 
to evaluate the strength of the lap joints under pure shear stress condition. The results showed a 
shear strength lower than the obtained using the lap joint tensile shear test method. Likewise, a 
second test displayed a joint failure mode of delamination of the REBCO tapes instead of the 
indium. However, if the shear strength of the indium lap joint increase with pressure, it is necessary 
to perform this experiment with various values of contact pressure in the future.  
 
In conclusion, the shear strength of the mechanical lap joint is required to be >30 MPa in order to 
secure electro-mechanical stability of the joint for the case of the original design of the STARS 
conductor. Experimental results indicate that a contact pressure ≥100 MPa is required in order to 
increase joint shear strength. Moreover, by fabricating the indium joint samples with pressure and heat 
treatment, if failure and displacement of the joint occurs, for the shearing strain of 0.052 % 
corresponding to the 32 MPa in-plane shear stress obtained from the previous study [39], a significant 
increase in joint resistance can be avoided as long as samples are kept in contact. On the other hand, 
current STARS conductor design is not definitive, therefore stresses during cooling and operating stages 
can be reduced by changing the design of the latter.  
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Chapter 6: Proposal of improved design of the STARS conductor: 
 
Finally, based on the experimental results obtained for the shear strength of REBCO tapes and 
apparent shear strength of single indium lap joints, another solution to increase the mechanical stability 
of the REBCO tapes and their lap joints inside the STARS conductor is proposed based on an alternative 
design to the one originally proposed for the STARS conductor. The first alternative design considers 
improvement from the mechanical point of view only and when the conductors are on the operating 
stage. However, a change in the orientation of the REBCO stacks would make the STARS conductor 
very difficult to bend without inducing undesired shearing across the REBCO tape stack.  
In conclusion, by changing the location and orientation of the REBCO tape stacks, an ideal 
configuration for reducing shearing stresses could be achieved. However, in order to reduce the shear 
stresses due to electromagnetic forces, it is necessary to consider not just the mechanical aspect during 
the operating stage, but also the fabrication stage.  
 
This study clarified the electro-mechanical properties of lap joints between REBCO tapes using 
indium as bonding material, and demonstrated its advantage over the use of soldered lap joints in terms 
of electrical resistance increase in a joint fracture scenario. It also clarified the future challenges arising 
from the fabrication, cooling and operation of the STARS conductors from the mechanical point of 
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Table A.1: Results from the shear test along the width direction of 
SuperPower ltd. SCS4050-AP coated conductors used in the Weibull 




Apparent shear strength (MPa) Item # 
4 4.29 1 
7 5.211 2 
14 11.236 3 
5 13.18 4 
16 (15 repeated) 17.72 5 
8 20.81 6 
3 24.027 7 
18 27.27 8 
24* 37.64 9 
11 54.24 10 
22 (21 repeated) 55.11 11 
19 60.65 12 
10 65.9 13 
6 66.8 14 
21 72.61 15 
1 74.182 16 
20 77.52 17 
23 81.19 18 
17 89.48 19 
12 90.14 20 
9 92.6 21 
13 94.72 22 
15 96.53 23 
2 98.41 24 






Table A.2: Results from Bernard’s MR approximation for shear strength 
values of SuperPower ltd. SCS4050-AP coated conductors used in the 
Weibull analysis (section 4.4) for item #9 treated as suspended data. 
 
Item # 
Apparent shear strength 
(MPa) 
𝑰𝒊 𝑴𝑶𝑵𝒊 𝑴𝑹𝒊 
1 4.29 1 1 0.028688525 
2 5.211 1 2 0.069672131 
3 11.236 1 3 0.110655738 
4 13.18 1 4 0.151639344 
5 17.72 1 5 0.192622951 
6 20.81 1 6 0.233606557 
7 24.027 1 7 0.274590164 
8 27.27 1 8 0.31557377 
9 (suspended) 37.64 - - - 
10 54.24 1.0625 9.0625 0.359118852 
11 55.11 1.0625 10.125 0.402663934 
12 60.65 1.0625 11.1875 0.446209016 
13 65.9 1.0625 12.25 0.489754098 
14 66.8 1.0625 13.3125 0.53329918 
15 72.61 1.0625 14.375 0.576844262 
16 74.182 1.0625 15.4375 0.620389344 
17 77.52 1.0625 16.5 0.663934426 
18 81.19 1.0625 17.5625 0.707479508 
19 89.48 1.0625 18.625 0.75102459 
20 90.14 1.0625 19.6875 0.794569672 
21 92.6 1.0625 20.75 0.838114754 
22 94.72 1.0625 21.8125 0.881659836 
23 96.53 1.0625 22.875 0.925204918 





Table A.3: Results from the shear test along the width direction of 
SuperPower ltd. SCS4050-AP coated conductors used in the Weibull 
analysis (section 4.4) showing the state of all items after test was finished. 
 
Item # 
Apparent shear strength 
(MPa) 
State 
1 4.29 REBCO tape failed 
2 5.211 REBCO tape failed 
3 11.236 REBCO tape failed 
4 13.18 REBCO tape failed 
5 17.72 REBCO tape failed 
6 20.81 REBCO tape failed 
7 24.027 REBCO tape failed 




10 54.24 REBCO tape failed 
11 55.11 
tape failed (but 𝐼𝑐 of the tape was reduced to ≈65 
A) 
12 60.65 REBCO tape failed 
13 65.9 solder failed 
14 66.8 partially failed 
15 72.61 solder failed 
16 74.182 REBCO tape failed 
17 77.52 REBCO tape failed 
18 81.19 Solder failed 
19 89.48 REBCO tape failed 
20 90.14 REBCO tape failed 
21 92.6 Solder failed 
22 94.72 Solder failed 
23 96.53 Solder failed 








Table A.4: Results from Bernard’s MR approximation for shear strength 
values of SuperPower ltd. SCS4050-AP coated conductors used in the second 
Weibull analysis (section 4.4). 
 
Item # Apparent shear strength 
(MPa) 
𝑰𝒊 𝑴𝑶𝑵𝒊 𝑴𝑹𝒊 
1 4.29 1 1 0.028688525 
2 5.211 1 2 0.069672131 
3 11.236 1 3 0.110655738 
4 13.18 1 4 0.151639344 
5 17.72 1 5 0.192622951 
6 20.81 1 6 0.233606557 
7 24.027 1 7 0.274590164 
8 27.27 1 8 0.31557377 
9 (suspended) 37.64 - - - 
10 54.24 1.0625 9.0625 0.359118852 
11 (suspended) 55.11 - - - 
12 60.65 1.138393 10.20089 0.405774297 
13 (suspended) 65.9 - - - 
14 66.8 1.233259 11.43415 0.456317696 
15 (suspended) 72.61 - - - 
16 74.182 1.356585 12.79074 0.511915435 
17 77.52 1.356585 14.14732 0.567513173 
18 (suspended) 81.19 - - - 
19 89.48 1.550383 15.6977 0.631053446 
20 90.14 1.550383 17.24809 0.694593719 
21 (suspended) 92.6 - - - 
22 (suspended) 94.72 - - - 
23 (suspended) 96.53 - - - 






Table A.5 Results from Bernard’s MR approximation for shear strength 
values of sample “Group1” used in the second Weibull analysis (section 4.4). 
 
Item # Apparent shear strength 
(MPa) 
𝑰𝒊 𝑴𝑶𝑵𝒊 𝑴𝑹𝒊 
1 4.29 1 1 0.028688525 
2 5.211 1 2 0.069672131 
3 11.236 1 3 0.110655738 
4 13.18 1 4 0.151639344 
5 17.72 1 5 0.192622951 
6 20.81 1 6 0.233606557 
7 24.027 1 7 0.274590164 
8 27.27 1 8 0.31557377 
9 (suspended) 37.64 - - - 
10 (suspended) 54.24 - - - 
11 (suspended) 55.11 - - - 
12 (suspended) 60.65 - - - 
13 (suspended) 65.9 - - - 
14 (suspended) 66.8 - - - 
15 (suspended) 72.61 - - - 
16 (suspended) 74.182 - - - 
17 (suspended) 77.52 - - - 
18 (suspended) 81.19 - - - 
19 (suspended) 89.48 - - - 
20 (suspended) 90.14 - - - 
21 (suspended) 92.6 - - - 
22 (suspended) 94.72 - - - 
23 (suspended) 96.53 - - - 








Table A.6 Results from Bernard’s MR approximation for shear strength 
values of sample “Group2” used in the second Weibull analysis (section 
4.4). 
 
Item # Apparent shear strength 
(MPa) 
𝑰𝒊 𝑴𝑶𝑵𝒊 𝑴𝑹𝒊 
1 (suspended) 4.29 - - - 
2 (suspended) 5.211 - - - 
3 (suspended) 11.236 - - - 
4 (suspended) 13.18 - - - 
5 (suspended) 17.72 - - - 
6 (suspended) 20.81 - - - 
7 (suspended) 24.027 - - - 
8 (suspended) 27.27 - - - 
9 (suspended) 37.64 - - - 
10 54.24 1.5625 1.5625 0.051741803 
11 (suspended) 55.11 - - - 
12 60.65 1.674107 3.236607143 0.120352752 
13 (suspended) 65.9 - - - 
14 66.8 1.813616 5.050223214 0.194681279 
15 (suspended) 72.61 - - - 
16 74.182 1.994978 7.045200893 0.27644266 
17 77.52 1.994978 9.040178571 0.35820404 
18 (suspended) 81.19 - - - 
19 89.48 2.279974 11.32015306 0.451645617 
20 90.14 2.279974 11.32015306 0.451645617 
21 (suspended) 92.6 - - - 
22 (suspended) 94.72 - - - 
23 (suspended) 96.53 - - - 
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